This paper presents a comprehensive literature review on applications and design aspects of the intelligent reflecting surface (IRS) in the future wireless networks. Conventionally, the network optimization has been limited to transmission control at two endpoints, i.e., end users and network controller. The fading wireless channel is uncontrollable and becomes one of the main limiting factors for performance improvement. The IRS is composed of a large array of scattering elements, which can be individually configured to generate additional phase shifts to the signal reflections. Hence, it can actively control the signal propagation properties in favor of signal reception, and thus realize the notion of a smart radio environment. As such, the IRS's phase control combined with the conventional transmission control can potentially bring performance gain compared to the conventional wireless networks without using the IRS. In this survey, we first introduce basic concepts of the IRS and the realizations of its reconfigurability. Then, we focus on applications of the IRS in wireless communications. We overview different performance metrics and analytical approaches to characterize the performance improvement of IRS-assisted wireless networks. To exploit the performance gain, we discuss the joint optimization of the IRS's phase control and the transceivers' transmission control in different network design problems, e.g., rate maximization and power minimization problems. Furthermore, we extend the discussion of IRS-assisted wireless networks to some emerging wireless applications. Finally, we highlight important practical challenges and future research directions of realizing IRS-assisted wireless communications in beyond 5G networks.
I. INTRODUCTION
With the popularizing of user devices, we have never stopped our efforts on the challenging network optimization problems to improve the energy-or spectrum-efficiency (EE/SE) of wireless networks, with the aim of accommodating the users' demanding data rate and diverse quality of service (QoS) requirements, e.g., [1] and [2] . Currently, the performance optimization of wireless networks either focuses on the user side or the network controller, e.g., the base station (BS) and network operator. For wireless network operators, the everincreasing traffic demand can be fulfilled by deploying energyefficient small cells in a dense network or using multiple antennas at the BS to increase spectrum efficiency [3] . Thus, the BS's transmit beamforming or power allocation can be optimized to adapt against the channel variations. At the user side, multiple users can join collaboration, e.g., via deviceto-device (D2D) [4] and relay communications [5] . These features can potentially provide the benefits of improved link quality and coverage, increased EE/SE performance, reduced interference and power consumption [6] . A joint optimization can be made possible when the information exchange and coordination between end users and the network controller are available. This can be more preferred as it generally yields a higher performance gain if it is solvable with affordable cost. Hence, numerous research works in the literature have proposed joint system optimizations to improve the EE/SE performance of wireless networks by a combination of different techniques, e.g., [7] and [8] . These may include the optimization for wireless power transfer, cooperative relaying, beamforming, and resource allocation, etc.
However, in the current paradigm of wireless network optimization, the radio environment itself remains an uncontrollable factor and thus it is not accounted for in the problem formulations. Due to randomness in the radio environment, the signal propagation typically experiences reflections, diffractions, and scattering before reaching the receiver with multiple randomly attenuated and delayed copies of the original signals in different paths. Such a channel fading effect becomes a major limiting factor for the maximization of EE/SE performance of wireless networks. Recently, a novel concept of intelligent reflecting surface (IRS) has been introduced in the wireless communications research community [9] - [11] . The IRS is a man-made two-dimensional (2D) surface of electromagnetic (EM) material, namely metasurface, that is composed of a large array of passive scattering elements with specially designed physical structure. 1 Each scattering element Fig. 1 : Comparing IRS-assisted wireless communications with the backscatter communications and AF-relay assisted wireless communications. The IRS in (a) introduces a phase shift matrx Θ to configure the equivalent reflecting channel. The AF relay in (c) introduces a power amplifying coefficient β to forward the received signal. The receiver decodes the n-th source information symbol s[n] for the IRS-assisted and AF-relay communications, while in (b) it aims at decoding the k-th piggybacked information symbol b[k] from the strong interference s[n] in wireless backscatter communications. The BS-IRS, BS-receiver, and IRS-receiver channels are denoted by h, f , g, respectively.
can be controlled in a software-defined manner to change the EM properties (e.g., the phase shift) of the reflection of the incident RF signals upon the scattering elements. By a joint phase control of all scattering elements, the reflecting phase and angles of the incident RF signals can be arbitrarily tuned to create a desirable multi-path effect. In particular, the reflected RF signals can be added coherently to improve the received signal power or destructively to mitigate interference. A typical system model of IRS-assisted wireless communications is illustrated in Fig. 1(a) . By deploying the IRS in the environment, e.g., the walls of buildings, the IRS can turn the radio environment for wireless communications into a smart space that is more flexible to support diverse mobile user requirements, e.g., enhanced data rate, extended coverage, minimized power consumption, and more secure transmissions [12] - [15] . Therefore, by integrating the smart radio environment into the network optimization, IRS-assisted wireless networks are envisioned to revolutionize the current network optimization paradigm and expected to play an active role in beyond 5G networks [3] , [16] . The specific benefits of IRS-assisted wireless communications can be summarized as follows:
• Easy deployment and sustainable operations: The IRS is made of low-cost passive scattering elements embedded in the metasurface. It can be in any shape, thus providing high flexibility for its deployment and replacement. It can be easily attached to and removed from facades of buildings, indoor walls, and ceilings, etc. Without the use of active components for power-consuming signal processing algorithms, the IRS can be battery-less and wirelessly powered by RF-based energy harvesting. • Flexible reconfiguration via passive beamforming: The IRS can bring additional phase shifts to the reflected signals. By jointly optimizing the phase shifts of all scattering elements, namely passive beamforming, the signal reflections can be coherently focused at the intended receiver and nulled at other directions. The number of reflecting elements can be extremely large, e.g., from tens to hundreds [12] , depending on the traverse size of the IRS. This implies a great potential for performance improvement of wireless networks. The IRS's phase control, combined with the transceivers' operational parameters, e.g., transmit beamforming, power allocation, and resource allocation, can be jointly optimized to explore the performance gain of IRS-assisted wireless networks. • Enhanced Capacity and EE/SE performance: By using the IRS, the wireless channel can be programmed to support a higher link capacity with reduced power consumption for point-to-point communications. Interference suppression also becomes effective by using the IRS, which implies a better signal quality for the celledge users. For multi-user (MU) wireless networks, the scattering elements can be partitioned and allocated to assist data transmissions of different users. As such, the IRS-assisted wireless network can provide better QoS provisioning and potentially improve the sum-rate performance or max-min fairness among different users. • Exploration of Emerging Wireless Applications: The development of the IRS is expected to pave the way for new promising research directions. For example, the IRS has recently been introduced to be a novel approach for preventing wireless eavesdropping attacks by simultaneously controlling the transmission at the transmitter and the reflections at the IRS. Many other emerging research areas also benefit from the use of the IRS such as wireless power transfer, unmanned aerial vehicle (UAV) communications, and mobile edge computing (MEC), which will be reviewed in this survey. Although the IRS's operation resembles that of a multiantenna relay, it is fundamentally different from the existing relay communications. By using passive scattering elements, the IRS can realize fully controllable beam steering without dedicated energy supply and sophisticated active circuitry for channel estimation, information decoding, and amplifying and forwarding. Compared to the conventional amplify-andforward (AF) relay that actively generates new RF signals, the IRS does not use an active transmitter but only reflects the ambient RF signals as a passive array, which incurs no additional power consumption. It also differs from the conventional backscatter communications, where the backscatter transmitter communicates with its receiver by modulating and reflecting the ambient RF signals [15] . The backscattered information is piggybacked in the ambient RF signals. The difference among three communication schemes is illustrated in Fig. 1 . Such a different feature of IRS-assisted wireless networks thus motivates the necessity of presenting a comprehensive literature review, which aims at providing fundamental knowledge about the IRS's physical properties and implementations, its applications and analysis in different network scenarios, and the optimizations of IRS-assisted wireless networks.
There are a few review papers in the literature, either focusing on the physical design and implementations of the reconfigurable metasurface, e.g., [17] - [19] , or its conceptual applications in wireless communications and networking, e.g., [11] - [13] . In particular, the review papers [17] - [19] mainly focus on the theoretical basis, physics characterization, and classification of metasurfaces as well as their applications at different operational frequencies. Motivated by the IRS's appealing EM properties, the authors in [11] discuss the feasibility and methodologies of using the IRS to realize the concept of smart radio environments, and also analyze potential solutions to some fundamental challenges towards its massive deployment and applications in future wireless networks. Following on, the review paper in [12] provides a more technical overview with a special focus on the analysis of signal models and the physical layer channel enhancement in IRS-assisted wireless communications. The authors in [13] introduce the concept of holographic multipleinput multiple-output (MIMO) surface (HMIMOS) comprising subwavelength metallic or dielectric scattering particles, which shares a similar idea with the use of the IRS in wireless communications. An overview of HMIMOS communications is provided by introducing the hardware architectures, classifications, and main characteristics. Several short survey papers also appear in the literature, e.g., [10] , [15] , [20] , mainly discussing the recent applications of the IRS in typical wireless scenarios. Comparing to these works, our survey offers a comprehensive review on both the theoretical basis of the IRS and its most recent applications in wireless networks. Specifically, our major contributions are summarized as follows:
• A systematic organization of the literature under extensive review is provided (as shown in Fig. 2 ) for readers with different backgrounds and interests to comprehend the IRS technology more effectively. We start from the physical characterization of the IRS and its EM properties, covering both design methodologies and experimental prototypes. Then we focus on IRS-assisted wireless networks by classifying different papers according to their design objectives and control variables. • We provide an extensive review on the stochastic analysis of performance limit and asymptotic behavior of IRSassisted wireless networks, which are not covered by the existing review papers. The pervasive deployment of the IRS will change the random nature of the channel environment, which calls for different analytical tools and performance metrics to characterize the performance limits. Corroborated by the stochastic analysis, the potential increase in performance gain then motivates the further optimization of IRS-assisted wireless networks. • Some common shortcomings of the current literature are analyzed and technical insights are highlighted for future exploration. For example, several current optimization frameworks for IRS-assisted wireless networks mainly rely on a simple alternating optimization method, which implies that a higher performance gain can be achieved with a more sophisticated algorithm design. Besides, a majority of the papers in the literature focus on joint active and passive beamforming optimization. In fact, the passive beamforming can be also jointly optimized with the other control strategies, e.g., information encoding, transmission scheduling, access control, and full-duplex communications. We also notice that the energy consumption of the IRS is usually omitted in the literature, which may lead to over-optimistic conclusions.
The rest of this paper is organized as follows. Section II presents the basic theory and implementation of the IRS. Section III reviews the applications of the IRS in wireless communication networks, in particular, the concept and con- struction of a smart radio environment. After this, this paper focuses on IRS-assisted wireless networks. Section IV dis-cusses the performance metrics and provide a stochastic analysis of IRS-assisted wireless networks, considering the random deployment of scattering elements in the radio environment. Section V presents the performance optimization of IRSassisted wireless networks, typically by a joint optimization of the IRS's passive beamforming and the transceivers' transmit control. Section VI discusses more emerging applications of the IRS in wireless communications. Finally, we discuss some important challenges and future research directions in Section VII, and then conclude the paper in Section VIII. The main topics covered in this paper are shown in Fig. 2 . A list of abbreviations used in this survey is given in Table I .
II. THEORY AND DESIGN OF INTELLIGENT REFLECTING SURFACES
The metasurface is a kind of two-dimensional (i.e., with near-zero thickness) man-made material that exhibits special EM properties depending on its structural parameters. As illustrated in Fig. 3 , the metasurface is composed of a large array of passive scattering elements, e.g., metallic or dielectric particles, that can transform the impinging EM waves in different ways [21] . The sub-wavelength structural arrangement of the scattering elements determines how the incident waves are transformed, i.e., the direction and strength of the reflected and diffracted waves. In general, when EM waves propagate to a boundary between two different media, the strength and directions of the reflected and diffracted waves typically follow the Fresnel equations and Snell's law respectively [18] . The situation becomes different when the same wave impinges upon a metasurface. The periodical arrangement of the scattering elements can cause a shift of the resonance frequency and thus a change of boundary conditions. As a result, the reflected and diffracted waves will carry additional phase changes.
Once the metasurface is fabricated with a specific physical structure, it will have fixed EM properties and therefore can be used for a specific purpose, e.g., a perfect absorber operating at a certain frequency. The analysis of EM properties can be based on the general-purpose full-wave EM simulator or approximate computational techniques [22] . More efficient analytical approaches rely on sophisticated boundary conditions to describe the metasurface discontinuity and its EM responses [23] , [24] . However, it becomes very inflexible as a new metasurface has to be re-designed and fabricated to serve another purpose or operate at a different frequency. In particular, based on the application requirements, the structural parameters of the scattering elements constituting the metasurface have to be recalculated by a synthesis approach [25] , [26] , which is in general computational demanding.
The IRS is built from a reconfigurable metasurface, which can fully control the phase shifts incurred by individual scattering elements. This can be achieved by imposing external stimuli on the scattering elements and thus alter their physical parameters, leading to the change of EM properties of the metasurface without refabrication [27] . The first design issue for the IRS lies in a control mechanism to connect and communicate with a large array of scattering elements, and thus agilely and jointly control their EM behaviors on demand.
The other main issue is the realization of reconfigurability to achieve full phase control of the reflected or diffracted waves. In the sequel, we first discuss the IRS's structural design and inter-cell communications mechanism to connect and control all scattering elements. After that, we discuss and compare different phase tuning mechanisms to achieve a variety of tunable functions and their applications. We also provide a review on prototypes and experiments in the literature to verify the feasibility of using the IRS in practice.
A. The IRS's Structure and Control Mechanism 1) IRS Controller and Tunable Chips: In general, the IRS's reconfiguration of its EM behaviors is achieved by a joint phase control of individual scattering elements. This implies an integration of tunable chips within the structure of the metasurface, where each tunable chip interacts locally with a scattering element and communicates to a central controller, e.g., [27] , [28] . Hence, it allows a software-defined implementation of the control mechanism [29] . For example, the IRS controller can be implemented in a field-programmable gate array (FPGA) and the tunable chips are typical PIN diodes [28] . As illustrated in Fig. 3 , the embedded IRS controller can communicate and receive reconfiguration request from external devices, and then optimize and distribute its phase control decisions to all tunable chips. Upon receiving the control information, each tunable chip can change its state and allow the corresponding scattering element to reconfigure its behavior. The IRS can be also equipped with embedded sensors with the capability of sensing the environment [11] . Such sensing information can be used by the IRS controller to automatically update its configuration to maintain consistent EM behaviors under dynamic environmental conditions. The tunable chips can be a PIN diode with ON and OFF states. This allows the change of input impedance to match or mismatch with the free space impedance [27] . The authors in [30] design and demonstrate through experiments a binary state tunable chip based on the hybridized resonator controlled by a PIN diode as the unit cell of the metasurface, operating with the resonance frequency around 2.466 GHz. The tunable chips can also be varactor diodes, which can be adjusted in a continuous way given different voltage bias, e.g., [31] , [32] . The integrated circuits (ICs) with continuously tunable load impedance are designed in [33] to control the phase shifts of scattering elements. Both tunable resistance and capacitance in the ICs can be controlled by imposing upon a gate voltage. Hence, wave manipulation can be realized by optimizing the biasing voltages. As an example, the authors in [27] demonstrate the perfect absorption at 5 GHz for different polarizations and incidence angles.
The authors in [29] and [34] propose to integrate a network of tiny controllers within the metasurface and wirelessly connect it to an external device. Each controller is capable of interpreting external instructions and tuning its varactor to achieve a desired impedance configuration. The change of connectivity at different locations of the controller network can realize the reconfiguration of the IRS's physical structure, resulting in multiple tunable functionalities. In contrast, the authors in [35] design the IRS by connecting the scattering elements to a smaller group of controller chips. Each controller chip serves four metallic scattering elements. The controller chips can adjust the EM behaviors of the metasurface by attributing additional local resistance and reactance on demand.
The designed metasurfaces can be used for perfect absorption and anomalous reflection operating in the microwave regime. Similar to [35] , the metasurface designed in [36] is composed of reconfigurable meta-material strips arranged in a grid. A set of four strips is controlled by an intra-tile controller (i.e., tunable chip). All intra-tile controllers are interconnected to constitute the intra-tile network, which can receive external configuration instructions from gateway controllers.
2) Inter-cell Communications: The IRS's reconfigurability depends on the inter-cell communications among the tunable chips jointly controlling the scattering elements of the metasurface to exhibit desirable tunable functions. Communications among the underlying chip controllers can be either wired or wireless [35] . Wired communication can be preferable as it can be integrated with the controllers within the same chip. Wireless inter-cell communication becomes a compelling alternative in either large-scale or dense metasurfaces. The design of inter-communications protocols has to comply with stringent energy, latency, and robustness requirements [37] .
The authors in [35] propose two approaches for wireless inter-cell communications. The first approach exploits the metasurface structure, while the second approach employs a dedicated communication channel beneath the metasurface structure. In the first approach, the communication channel is the space between the scattering elements and the substrate, which acts as a waveguide for signal propagation. The second approach is achieved by adding an extra metallic plate below the chip. The dedicated communication channel provides an obstacle-free waveguide for information communication between tunable chips. To ensure reliable communications among controllers embedded in the metasurface structure, the authors in [37] adopt the traditional Network-on-Chip (NoC) methodologies and develop two fault adaptive routing algorithms, which can bypass the faulty links by using a properly designed fault-tolerant routing metric. The first algorithm is to alternate between XY and YX routing schemes, conventionally used for NoC and verified in [36] . Cycles can be avoided by using turn prevention. The other algorithm aims at maximizing Scattering element Fig. 4 : Schematic of the unit cell for IRS, e.g., [33] . The basic topology and dimension parameters (d x , d y , d z , x 0 , y 0 , z 0 , g 0 ) can be selected for operations in different frequency ranges. A tunable chip (e.g., diode and varactor) is incorporated to provide a variable impedance in a continuous way.
the success delivery probabilities, which can achieve high reliability by detecting two disjoint paths between any two nodes in the network. When a fault occurs in a path, the information packet will be re-routed to the alternative path. The authors in [38] develop embedded ICs within the metasurface structure, which uses mini-routers to move control information among an arbitrarily-large size of scattering elements. All ICs are connected to a shared gateway, which can receive configuration instructions from external wireless devices. Each IC can configure the load impedance at different locations of the metasurface. The authors design a handshaking mechanism to coordinate the information exchange among different metasurface cells. Such a design can achieve salient benefits, including delay insensitivity, low EM emissions, and low power consumption. Medium access control (MAC) strategies are investigated in [39] to share the wireless medium efficiently among metasurface cells. The analysis of physical constraints, performance objectives, and traffic characteristics of on-chip communications shreds some insights on the MAC protocol designs for a large number of metasurface cells.
3) Phase Tuning Mechanism: The IRS's reconfigurability depends on manipulating the phase of individual scattering elements. When the external or ambient stimulus changes, the physical parameters of the scattering elements and substrate will be tuned accordingly. Typical stimulus includes electric, magnetic, light, and thermal stimulus, which can tune the main body of a metasurface and thus provide a global control over its EM properties, e.g., absorption level, resonance frequency, and polarization of waves. Individual phase control of each scattering element is also possible, by applying the stimuli locally to each scattering element. This method is expected to achieve more sophisticated wave manipulations, such as beam steering, focusing, imaging, and holography [27] .
The most straightforward way to achieve local tuning is by changing the physical dimension of the scattering element, resulting in the change of resonant frequency and hence the phase shift, as illustrated in Fig. 4 . The authors in [40] implement the full controllable phase shifts by combining two different scattering elements. The overall wave reflections can be minimized by optimizing the array pattern. More prevailing tuning approaches are based on the electrically controlled binary-phase tuning or continuous reactance tuning mechanism, e.g., by using diodes or varactors, respectively, e.g., [31] - [33] . The authors in [41] use the electronically controllable liquid crystal for real-time wave manipulation. Each metasurface cell is loaded with a thin layer of the liquid crystal. By controlling the voltage bias on each cell, the effective dielectric constant will change and therefore lead to desirable phase shifts at various locations of the metasurface. Full-wave simulation results verify that effective beam steering can be achieved in real time. The authors in [42] experimentally verify that the use of an acoustic cell architecture can provide enough degrees of freedom to control a refractive metasurface. In particular, a normal incident wave can be redirected over 60 • with the efficiency up to 90%.
B. Typical Tunable Functions
Empowered by various tuning mechanisms, the IRS can support a wide range of tunable functions, such as perfect absorption, anomalous reflection, beam shaping, and steering [19] , [28] , [43] , as illustrated in Fig. 5 . Moreover, it is capable of sensing and communicating with the external devices [10] , [12] , which allow it to be integrated with the modern wireless communication systems and utilized in a variety of wireless applications. For example, its applications in the millimeter wave (mmWave) (30-100 GHz) and sub-mmWave (greater than 100 GHz) are discussed in [44] . The spectral efficiency becomes significant when the IRS's size is large compared to the wavelength of the impinging waves.
1) Perfect Absorption: The phase shifts of a metasurface can be designed to ensure minimal reflected and/or refracted power of the impinging waves. Such a metasurface can be used to design an ultrathin invisibility skin cloak, typically used for visible light [24] , [45] . In particular, absorbing metasurface can be used as carpet cloaking of a scatterer on a flat ground plane [46] . This is achieved by ensuring the same reflection angle as the incident angle everywhere on the metasurface. The authors in [40] propose a single-layer terahertz (THz) metasurface to produce ultra-low reflections across a broadfrequency spectrum and wide incidence angles. The authors in [32] show that perfect absorption can be achieved at an operating frequency in the range of 4-6 GHz by applying a change in the reverse biasing voltage of the varactor. In [19] , the authors introduce the design of broadband absorbers of light by using unit cells featuring with multiple adjacent resonances. A tunable metasurface absorber is presented in [47] by using an optically-programmable capacitor as the tunable chip of each cell. The designed metasurface can operate at 5.5 GHz and achieve a tuning bandwidth of 150 MHz. The authors in [33] realize a reconfigurable metasurface that exhibits perfect absorption at 5 GHz with different incidence angles, by changing the capacitance of each cell.
2) Anomalous Reflection: It is one of the most widely investigated wave manipulation functions, which have potential applications in diverse fields of wireless communications [48] . Abnormal reflection can be observed when light beams impinge upon optical metasurfaces [49] - [51] . The authors in [49] realize anomalous reflection of light beams in optically thin arrays of metallic antennas on silicon. The authors in [50] study the optical properties of different metasurfaces and present a metasurface design that can reflect two orthogonal polarization states in a broad wavelength range. The authors in [51] design optical metasurfaces to facilitate tuning of the reflection phase and polarization. The experiment demonstrates the feasibility of tuning the reflection phase over π by controlling the resonant properties of the antennas. An acoustic metasurface is constructed in [52] , which can tailor the reflected waves with discrete phase shifts covering the full 2π span. The authors in [53] show that perfect phase control can be realized by completely eliminating the metasurface's parasitic reflections into unwanted directions. The resulting power efficiency of reflection can be over 90% at 8 GHz. A lossless metasurface is proposed in [54] , where the incident wave can be perfectly received and converted into a surface wave along the surface, before it is radiated into space without power loss from a different location from the receiving point.
3) Wave Manipulation: Besides abnormal reflection to a single direction, wave manipulation/modulation can create multiple reflections in different directions simultaneously based on perfect phase control of the metasurface. That is, the power of the reflected waves can be temporal-spatially distributed to create an exotic radiation pattern of the metasurface, as shown in Fig. 5 , which can be exploited to carry information by spatial modulation [55] . Using PIN diode as binary state control of each scattering element, the authors in [28] propose the genetic algorithm and inverse fast Fourier transform technique to optimize the binary coding matrix and thus create different wave manipulations of a large metasurface, including anomalous reflection, diffusion, beam steering and beamforming. The real-time switch among these radiation patterns can be achieved by an FPGA-based controller. A similar genetic algorithm is also employed in [56] for arbitrary wave modulations to create desirable radiation patterns according to application requirements. The effectiveness of the genetic algorithm is experimentally verified at an operating frequency of 10 GHz, showing that the accuracy of wave modulation increases with the size of scattering elements. Different from the aforementioned spatial wave modulations, the authors in [48] verify the possibility of simultaneous wave manipulations in both space and frequency domains. The perfect control of the reflection angles and power distribution can be achieved by using a space-time modulated digital coding metasurface. 4) Analog Computing: As a further step forward from wave manipulations, it becomes also possible for the IRS to perform more complicated mathematical operations (such as spatial differentiation, integration, convolution, and even neural network training) as the impinging wave propagates through the scattering elements. This is referred to as wavebased analog computing, achieving a higher energy efficiency compared to conventional digital signal processing paradigms. The authors in [57] introduce the concept of meta-material analog computing that uses optical metasurfaces to perform mathematical operations in the spatial Fourier domain. This offers the possibility of miniaturized, potentially integrable, wave-based computing systems. Analog computing of acoustic metasurfaces is also demonstrated in [58] by using thin planar metamaterials to perform mathematical operation in spatial domain. This is promising for various applications including high throughput image processing, ultra-fast equation solving, and real-time signal processing. The authors in [59] experimentally demonstrate that the off-the-shelf wireless infrastructure in combination with a tunable binary-phase metasurface can perform analog computation with Wi-Fi signals.
Some other exotic tunable functions also appear in the literature. The authors in [60] use the metasurface directly as advanced sensing devices for diagnostic applications, e.g., cancer detection, biological tissue characterization and chemical analysis, based on the interactions of EM waves with the metasurface. The authors in [61] show the possibility of storage and retrieval of EM waves by introducing varactor diodes to manipulate the metasurface's structure. The authors in [62] demonstrate that the slowdown, storage and retrieval of multi-mode EM waves can be achieved through the active manipulation of a control field. This work shows the possibility for multi-mode memory of EM waves and its practical applications in information processing.
C. Experiments and Prototypes
Prototypes of reconfigurable metasurfaces have been developed to verify the feasibility of different tunable functions. Table II summarizes recent experiments and prototypes developed in the literature for the verification. The authors in [28] implement a metasurface containing 1600 individually controllable cells to demonstrate the feasibility of dynamic wave manipulations. Each cell of the metasurface is integrated with one PIN diode that can switch between two states. By optimizing a binary coding matrix, the metasurface can be controlled to realized anomalous reflection, diffusion, and shaped scattering. The authors in [42] propose and experimentally verify the use of an acoustic cell architecture to provide enough degrees of [68] design a graphene-integrated metasurface to induce a tunable phase change to the incident wave, which can be controlled at an ultra-fast speed. The designed prototype is shown to change the reflection phase up to 55 degrees. The authors [64] develop a large-scale THz all-dielectric metamaterials with the outer dimension 900 cm × 900 cm by using the template-assisted fabrication method. Using such metamaterials, the authors implement a broadband reflector with a bandwidth of 0.15 THz and demonstrate its reflection up to 95%, which implies a wide variety of applications in low-loss and high-efficiency THz devices.
VISORSURF is an interdisciplinary program funded by Horizon 2020 FET-OPEN [36] , [69] . Its objective is to develop a hardware platform for reconfigurable metasurfaces, namely Hypersurface, featured with programmable EM behavior by controlling a network of switches. Conceptual applications of IRS are proposed to realize the vision of a smart radio environment, leveraging its sensing capability and reconfigurability to adapt itself according to the dynamics of the radio environment, e.g., [9] - [12] . For example, a prototype of the reconfigurable metasurface is implemented in [63] to achieve multi-functional control of EM waves, e.g., beam splitting, deflection, and abnormal reflection at microwave frequencies. This is achieved by controlling the PIN switches and varactor diodes associated with each scattering element. The real-time switch between different EM functionalities is controlled by a computer-controlled voltage source. Realizing wave manipulations in both space and frequency domains, the authors in [48] design a space-time modulated digital coding metasurface to control the propagation direction and power distribution simultaneously in the frequency range of 8-10 GHz. The experimental results demonstrate a good performance of the proposed approach by implementing an FPGA controlled metasurface prototype for beam steering, beam shaping, and scattering-signature control.
Note that the development of reconfigurable metasurfaces shares a similar idea with the classical concept of reconfigurable reflectarrays, in which the resulting radiation pattern is altered as desired by changing the current distribution [12] . Comparing to reconfigurable reflectarrays, IRS is featured with the additional requirement of having real-time control and reconfigurability [3] . A reconfigurable reflectarray antenna is implemented in [65] , consisting of a group of 244 radiating elements phase controlled by PIN diodes. The antenna is designed to operate in the band from 10.10 GHz to 10.70 GHz, capable of switching the beam between −5 • and 5 • . Different from the PIN diodes in [65] , the authors in [66] implement a 6 × 6 transmitarray controlled by varactor diodes to verify its beamforming capability. Experiments demonstrate its capability of beam scanning over a 100 × 100-degree window at the operating frequency of 5 GHz. To reduce the size of transmitarray, the authors in [70] design and verify a compact reconfigurable antenna for wireless communications. By controlling the states of two PIN diodes, the proposed antenna is capable of generating four different radiation patterns at the operating frequency of 2.45 GHz, which can be employed for information transmission by spatial modulation [55] .
In the following, we focus on the applications of the IRS in wireless communications. We first introduce the recent works discussing the novel concept of a smart/programmable wireless environment, which is envisioned to change the wireless networking paradigm by using the IRS in wireless communications. As such, we review the system modeling, performance analysis, and optimizations of IRS-assisted wireless networks.
III. APPLICATIONS OF IRS-ASSISTED WIRELESS
NETWORKS Conventionally, the physical radio environment of wireless networks is typical uncontrollable. Due to randomness in the radio environment, the transmission of RF signals may experience reflection, diffraction, and scattering before reaching the intended receiver with multiple copies of the original signals with random amplitudes, phases, and delays. This effect, known as multi-path fading, is the main factor that causes distortion to the received signal and thus deteriorates the communication performance. Due to the low-power consumption, low cost for implementation, and the flexibility in deployment and reconfiguration, the IRS is envisioned to play a pivotal role in improving the transmission performance of future wireless communication networks, e.g., mmWave 5G communications and future THz 6G communications, which face with a critical issue of dead spots due to the blockage of line-of-sight (LOS) signal propations. The use of the IRS can reshape the propagation of radio waves in a fully software-controlled way and thus tune the highly probabilistic wireless channels into a deterministic space for reliable communications. As such, the radio environment becomes a usable resource that can actively improve the performance of information transmissions.
A. Smart Radio Environment
The authors in [10] review the IRS techniques and their applications in wireless networks, including the physical properties, hardware implementations as well as novel signal models. It is shown that the IRS-assisted wireless networks can more flexibly manage the wireless resources by the IRS's tuning of amplitude and phase shifts, along with the conventional transmit control strategies. The concept of a smart radio environment is proposed by the authors in [11] by covering the physical objects with IRSs that can turn the radio environment into a smart space and thus play an active role to assist information sensing, analog computing, and wireless communications. As such, the IRS's reconfigurability becomes an indispensable component for the era of artificial intelligence (AI) enabled wireless network design [16] .
The concept of active wall is introduced in [71] by using an active frequency-selective surface (FSS) to manipulate the wireless environment. The FSS provides a narrow-band frequency filtering of incoming signals [72] , which can be used to build up a cognitive engine and make the walls intelligent. The idea is to switch the PIN diodes on the metasurface between ON/OFF states by an external bias. When the PIN diodes are off, the metasurface becomes almost transparent, allowing the incident signals passing through. When the PIN diodes are on, most of the incoming signals are reflected. The proposed design can be realized by embedding PIN diodes on the metal connection parts of the IRS's scattering elements. Through system-level simulations of a cognitive indoor scenario, the authors show that the system performance can be improved by up to 80% by dynamically changing the propagation environment via the active wall. Reference [73] extends the intelligent wall paradigm by employing an artificial neural network (ANN) to explore an optimal setting for a cognitive engine. Specifically, ANN is used to estimate the relative spatial distribution of the users. The learning process of the ANN terminates once the mean-squared error (MSE) of the measured network performance is below a target value. Afterward, the cognitive engine begins to make decisions to control the intelligent wall based on the learned knowledge. The simulation demonstrates that the network performance increases with the duration of the learning process.
The concept of programmable wireless channels or environment is proposed in [74] and [75] by using hypersurfaces, i.e., software-controlled metamaterials, to cover the superficies of physical objects in the radio environment. The mechanism is to control the distribution of the current over the hypersurface by changing the states of electronically controlled switches embedded throughout the hypersurface. This allows it to shape the incident RF signals with a desirable response in a softwarecontrolled manner. Embedding hypersurfaces in the environmental objects creates a reconfigurable indoor wireless environment. Consequently, the scattering objects in the environment can be viewed as a kind of wireless resource and tailored to meet the demands of wireless devices. Similarly, the outdoor environment can be programmed by embedding hypersurfaces into building facades. By alleviating signal path loss, multipath fading, and co-channel interference, the programmable wireless environment is capable of improving transmission performance in various aspects, e.g., signal quality, communication range, and EE/SE performance. Reference [76] generalizes the control methods for the hypersurface based system in [74] by proposing different approaches to mitigate interference, multi-path distortion, and degrade eavesdropping channels for multiple users. The proposed approaches are shown to achieve maximized signal power and minimized delay spread at randomly located users.
By using the IRS, the wireless channel can be reconfigured in a software-defined manner to meet various QoS requirements simultaneously. The authors in [74] and [75] consider a specific MU scenario as shown in Fig. 6 . Client 1 would like to have optimal signal quality, while client 2 demands wireless power transfer. Besides, the unauthorized client can either cause interference to the legitimate client or attempt unapproved access. In the natural environment, it is very difficult to satisfy these objectives efficiently. However, with the use of multiple IRSs, each IRS can receive command signals from a centralized controller and then customize its EM properties. As a result, the IRS can help client 1 to receive maximal downlink signal power and avoid interference from wireless power transfer and unauthorized access. Besides, the IRS can maximize wireless power transfer to client 2 through beam steering. The unauthorized access can be also prevented by absorbing the transmissions from the unauthorized client.
By using IRS-coated wall inside a random environment, the authors in [77] demonstrate the capability of shaping the propagation characteristics to achieve enhanced wireless channel diversity and thus improve the link capacity limit. The authors implement a metasurface composed of binaryphase units, which can be electronically switched between 0 and π at the standard Wi-Fi operating frequency. An experiment is conducted to show that perfect orthogonality of wireless channels can be achieved by using the IRS-coated cavity wall with an appropriate phase configuration. Besides channel enhancement to a receiver, interference suppression also becomes more flexibly by using the IRS with a large-scale array of scattering elements. The authors in [78] demonstrate that the deployment of the IRS near the BS can be used to control massive MIMO channel characteristics by selectively enhancing or suppressing certain channel eigenvalues. The authors in [79] propose to integrate passive reflections and active transmissions in the programmable radio environment, by deploying hybrid active-passive elements embedded in the walls of a building, as shown in Fig. 7 . By tuning elements to finely-spaced phases, the signals can be steered to interfere or cancel at the receiver. The experimental study demonstrates that the hybrid system can 1) mitigate the destructive effect of multiple paths for legacy wireless communications; 2) eliminate poorly conditioned similar channels in a large-scale MIMO system; and 3) simultaneously attenuate interference power and increase signal strength at different receivers.
More implementations and evaluations are conducted to verify the capability of the IRS-enabled smart radio environment. Reference [80] designs and implements a 60 GHz reconfigurable reflect-arrays to assist IEEE 802.11ad-based mmWave communications, creating additional reflection links when there exists no LOS links. The idea is to use controllable switches to change the incoming RF signals. The authors in [80] propose an array control algorithm for beam searching that can guarantee an optimized signal quality at the target receiver. The authors also develop an optimal array deployment scheme to maximize the connectivity in an indoor mobile mmWave network. Both simulations and testbed experiments are conducted to validate the proposed design.
The implementation with a binary-phase control is shown to cause a significant signal-to-noise ratio (SNR) loss in practice. This problem can be addressed by using high-accuracy phase control of the beamform direction at the cost of high hardware requirements. Based on the EM properties of the IRS, the authors in [81] build and experimentally verify analytical free-space path loss channel models for IRS-assisted wireless communications in different scenarios. It is revealed that the free-space path loss depends on the distances from the IRS to the transceivers, the antennas' radiation patterns, and the IRS's EM properties, including the size and topology, and the near-or far-field EM properties. The authors in [82] implement and evaluate several physical layer building-block technologies for a programmable wireless environment. Focusing on the inter-networking capabilities of different IRS-coated objects, a central server is used to connect different IRSs, sense their operation states and customize the tunable functions. The authors devise and implement a network-layer scheme to reconfigure the radio environment. Extensive hardware evaluation reveals the benefits of programmable environments over nature environments.
B. Spatial Modulation via Reconfigurable Antennas
The smart radio environment relies on the use of the IRS as signal reflectors to create the desirable multi-path effect.
Here we show that the IRS itself can also be used as the source signal transmitter. As stated in the previous section, the IRS's most widely studied tunable function is the capability of creating abnormal reflections, in both time and spatial dimensions [48] . By controlling the phase shifts of the IRS's scattering elements, the reflected waves can create different radiation patterns, which can be used to carry information if these radiation patterns can be sensed and differentiated at the receiver. This is the main design principle of spatial modulation. The IRS's superior reconfigurability and flexibility potentially make it much easier for the applications of spatial modulation in future wireless networks, e.g., [55] and [83] .
Spatial modulation or spatial multiplexing (SM) is a promising low-complex modulation technique for multiple-antenna transmitters. Each antenna adopts different transmit power and phase to create a difference in the depth of modulation. Compared to the conventional MIMO techniques, SM techniques have the potential to enhance the transmission rate with reduced hardware complexity and energy consumption. Reference [84] introduces the concept of spatial modulation for reconfigurable antennas. The authors highlight that the key advantage of developing spatial modulation for reconfigurable antennas is low-complexity, and no channel state information (CSI) is required at the receiver. Reference [85] introduces a solution of single carrier spatial modulation for uplink and downlink communications. In the uplink, the user can transmit with spatial modulation by using a compact reconfigurable antenna to achieve high bitrate with high energy efficiency. At the base station, the space-time digital processing can be employed to detect the uplink transmission. In the downlink, the space-time beamforming can be utilized to transmit preequalized signals so that spatial modulation can be achieved by a compact multi-port antenna. The real-world experiment shows that the proposed solutions are more energy-efficient and less complicated than traditional modulation schemes.
Reference [86] presents a spatial microwave modulator (SMM) made of electronically tunable metasurfaces. The SMM is designed to passively shape the existing microwave fields through binary-phase tunable metasurfaces with noncoherent energy feedback. The experimental results show that in an indoor environment the SMM can either improve the point-to-point transmission by an order of magnitude or fully cancel the transmission. Moreover, the energy consumption of SMM is typically comparable to or lower than the amount of RF energy it can recycle. Reference [87] brings the concept of IRS-assisted wireless communications to the realm of index modulation, which can be realized at either the transceiver or the IRS. As illustrated in Fig. 8 , the active beams are shown in red. The authors design space shift keying and spatial modulation methods for the IRS. The proposed methods can be realized by either smartly reflecting the incident signal to enhance the end-to-end transmission or utilizing the index modulation of multiple receive antennas to render improved spectrum efficiency. The authors in [87] also propose a greedy detector and a maximum likelihood detector and derive their corresponding bit error rate (BER). Numerical results demonstrate that IRS-assisted SM methods provide a large capacity with ultra-low BER. Thus, it can serve as an enabling technique for future-generation MIMO systems.
Summary: The above-reviewed applications of the IRS in wireless communications are summarized and compared in Table III . Most of the existing applications either utilize the IRS to recycle the environment resources or create different radiation patterns for spatial modulation. The applied network scenarios are rather broad, ranging from low-power sensors to high-power mmWave systems. The existing applications mainly target for indoor scenarios where the locations of the transmitters and receivers are static or deterministic. In this context, it is relatively easy for the IRS to discover the locations of wireless devices and conduct performance optimization. On the other hand, in outdoor scenarios, the time-varying location of wireless devices due to mobility makes device discovery more challenging. This inevitably imposes high requirements on the IRS's signal detection capability. Although references [74] and [76] suggest the use of the conceptual software-controlled hypersurface in outdoor scenarios, the authors do not provide solutions to differentiate the signals from statics and mobile devices. Thus, realtime EM wave manipulation for mobile devices remains an open issue. Another limitation of the existing applications in recent literature is that most of them are only evaluated by simulations. Their empirical performances in practical systems remain unknown. Therefore, it is imperative to develop proofof-concept prototypes and conduct real-world experiments.
IV. PERFORMANCE ANALYSIS OF IRS-ASSISTED WIRELESS NETWORKS
The vision of the smart radio environment can be realized by coating IRS to the facades of physical objects in the radio environment, such as the walls and ceilings. This implies that the IRS's scattering elements are distributed in nature relating to the spatial distribution of the environmental objects. Therefore, the modeling and performance analysis of IRSassisted wireless networks necessitate analytical models that take into account 1) the spatial locations of IRSs, ii) the IRS's EM properties, and iii) the wave manipulations adopted by the coexisting IRSs in the environment. In this part, we review analytical studies that contribute to the understanding of the performance limit of different IRS-assisted network scenarios, including performance bounds and asymptotic behaviors that are hard to obtain from simulation studies. Such a theoretical performance analysis can provide design insights on the deployment and configuration of IRS-assisted wireless systems without the need for extensive simulations. A fundamental difference between IRS-assisted and non-IRS-assisted wireless networks is that the IRS can make the radio environment controllable in favor of information transmissions by abnormal reflections. Therefore, a majority of the literature analyzes the transmission performance of wireless networks using the IRS as signal reflectors. In another aspect, the use of the IRS as signal receivers also attracts recent research attention, e.g., [88] and [89] . In the sequel, we review the existing literature according to the IRS's roles in wireless communications.
A. Using IRS as the Signal Reflector
The performance metrics of interest mainly include the probabilistic metrics to characterize the uncertainty in wireless transmissions of individual transceivers, as well as the ergodic metrics to characterize the averaged network performance, considering the randomness in network topology, the distribution of reflectors, channel conditions, and interference variations, etc. Typical performance metrics proposed for IRSassisted wireless systems include the following aspects.
• Reflection probability: The probability that an IRS can reflect the signals from a transmitter to the receiver. • Coverage or outage probability: The probability that the received SNR is above or below a target threshold. • Bit error probability: The probability that the decoded information bit differs from the transmitted one. • Ergodic capacity: The expectation of channel capacity measured by Shannon's formula. • Transport capacity: The aggregated data rate that can be reliably communicated in the entire system. 
1) Probabilistic Performance:
The reflection probability is studied in [90] considering a large-scale IRS randomly distributed by a Boolean model of line segments [91] . The authors derive the exact probability that a random IRS can reflect for a given transceiver according to the generalized laws of reflection. The analytical result reveals that the reflection probability of a randomly located reflector is independent of its length. However, this work assumes that all the IRSs have a fixed length, which cannot capture the real-world network environment. Besides, the authors only analyze the reflection probability, without an evaluation on the improvement of transmission performance by using the large-scale IRS. The authors in [80] propose the use of the IRS to improve the LOS probability for indoor mmWave communications. Compared to the existing relay-based approaches that create LOS links for mmWave communications, the reflection-based approach exempts from self-interference of a full-duplex relay and compromised throughput of a half-duplex relay.
Considering the downlink transmission from an mmWavebased access point (AP) to a user with only the reflection links (i.e., no direct link due to obstacles), the authors in [80] derive the outage probability in terms of an integral expression. Based on the derived expression, the authors further minimize the outage probability by optimizing the IRS's deployment position. The authors in [92] study the outage probability of IRS-assisted systems under Rician fading where the IRS's phase shifts only adapt to the LOS components. The outage performance is firstly analyzed and optimized in the slow fading scenario for the non-LOS components. It can be shown that the optimal outage probability decreases with the size of the IRS when the LOS components are stronger than the non-LOS ones. Then, the authors characterize the asymptotically optimal outage probability in the high SNR regime, and show that it decreases with the powers of the LOS components. The authors in [93] investigate the downlink performance of an IRS-assisted MIMO system to randomly distributed users based on the stochastic geometry analysis. The outage probability and average capacity can be derived in closed forms. Furthermore, the authors in [93] study the diversity orders of the outage probability and high SNR slopes of the ergodic rate. Numerical results indicate that the fading channel distribution has a trivial impact on the diversity order.
The coverage probability is studied for an IRS-assisted wireless network in [94] . Different from [80] which studies point-to-point mmWave communications, the authors in [94] consider a generalized mmWave downlink cellular network coexisting with random obstacles and reflectors. A stochastic geometry method is proposed to analyze the downlink coverage probability under the assumption that the locations of base stations follow a homogeneous Poisson point process. Besides, the blockages and reflectors are deployed in straight line segments with uniformly distributed orientation and length. The study indicates that only the deployment of reflectors with high density can cause a noticeable improvement in the mmWave coverage. However, the deployment with low density may not benefit mmWave coverage as the reflected signals go through longer distances than the direct links. A limitation of this work is that only the reflections from the nearest reflector is considered. In fact, reflections from other nearby reflectors could also be strong and should not be ignored.
In contrast to above efforts that focus on an analytical study, reference [95] presents a joint analytical and empirical study for the bit error probability of spatial modulation based on reconfigurable antennas. Different from conventional spatial modulation which encodes the information bits on the indices of an array of antennas, spatial modulation with reconfigurable antennas manages to encode information bits on the radiation patterns of a reconfigurable antenna. To evaluate the impact of the radiation patterns on the error performance, the authors in [95] introduce an analytical framework to characterize the bit error probability. With the aid of the analytical results, the best radiation pattern among the available ones can be identified to minimize the average error performance.
2) Ergodic Capacity and Data Rate: The authors in [96] analyze the asymptotic achievable rate in an IRS-assisted downlink system. A passive beamformer is designed to achieve the optimal asymptotic performance by tuning the EM properties of signal waves. To maximize the data rate, a modulation scheme is designed for the IRS that is interferingfree for existing devices. The authors also derive the expected Fig. 9 : The IRS is used for enhancing spectrum sharing among multiple transceivers. asymptotic symbol error rate (SER) of the considered system. Based on the proposed modulation scheme, the authors further devise a protocol for joint user scheduling and power control. Simulation results confirm that the protocol design agrees with the upper bounds with a large number of scattering elements, thereby verifying that the achievable rate in a practical IRS-assisted system satisfies the asymptotic optimality.
Considering an IRS-assisted mmWave MIMO system, the authors in [97] characterize the achievable data rate from the BS and to a mobile user, by designing the IRS's optimal phase shifts based on limited feedback from the mobile user. Besides improvement on data rate, simulation results show that the positioning error bound and orientation error bound both can be reduced by using the IRS with perfect CSI. Different from [96] and [97] , which optimize a fixed passive beamforming strategy to maximize the data rate, the authors in [98] derive an information-theoretic limit for the IRSassisted link capacity, by joint information encoding and the IRS's phase tuning. That is, the IRS's phase control not only depends on the channel conditions, but also relates to the information bits. Numerical results demonstrate that the joint encoding and tuning scheme achieves more than 30% increase in SNR, comparing to that of the tuning-only scheme.
The authors in [99] aim at making a fair performance comparison between IRS-assisted wireless communications and the conventional decode-and-forward (DF) relaying communications. Both of these techniques are promising for capacity improvement. In comparison, the achievable rates for both cases are derived and then maximized by analytically optimizing the transmit power and the size of the IRS. The main observation is that a very large-size IRS is needed to yield better performance than the DF relaying in terms of transmit power minimization and EE/SE performance maximization. In [100] , a similar comparison with an AF relay reveals that high energy efficiency can be achieved by using an IRS. The authors in [101] optimize the end-to-end SNR and achievable rate of half-duplex, full-duplex, AF, and DF relay-assisted communications, respectively, and compare them to that of the IRS-assisted wireless systems. The aforementioned works focus on the use of ideal IRS with infinite phase resolution. The authors in [102] characterize the performance degradation when a practical IRS is implemented with limited phase shifts. Considering IRS-assisted uplink communications from an end IRS controller
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Signal receiver Fig. 10 : The IRS is used as the signal receiver to enhance system capacity.
user to the BS, the authors in [102] derive an approximation of the achievable data rate and then obtain the required number of phase shifts given a data rate degradation constraint. Different from the above capacity characterization of a single communication link, the authors in [103] propose the IRSassisted spectrum sharing scheme for multiple transmitters. As shown in Fig. 9 , the idea is to use the IRS for steering the signal beams from different transmitters to enhance the useful signals and cancel the interference towards their respective receivers. This paradigm allows multiple transmitters to simultaneously operate on the same spectrum band without causing interference to each other. Considering an indoor wireless scenario using the spectrum sharing scheme, the authors derive both upper bound and achievable bound of the transport capacity under practical deployment constants. A real-world test-bed is also developed to study the effect of the system parameters and validate the practicality of the proposed spectrum sharing concept. The experimental results demonstrate that the use of the IRS realizes a significant improvement on spectrum efficiency for the legacy transceivers. However, the test-bed only implements two transceivers. The practical performance of a large number of indoor communication pairs sharing the same spectrum band is still unknown.
B. Using IRS as the Signal Receiver
Instead of using the IRS as a signal reflector for performance enhancement of wireless communications, the authors in [88] and [89] examine the performance of using the IRS as the signal receiver. In particular, the authors consider an uplink scenario where multiple single-antenna devices distributed in a three-dimensional (3D) space transmit to a vertical plane metasurface (e.g., hung on the wall), as shown in Fig. 10 . Under the assumptions that the IRS has a very large size and all the interferers have LOS paths to the IRS, the normalized capacity per unit of the IRS with perfect channel estimations is characterized into an integral expression. The analytical expression demonstrates an asymptotic behavior that, given a constant transmit power, the normalized capacity approaches half of the transmit power divided by the spatial power spectral density of noise. Moreover, based on sampling theory, the authors find that the hexagonal lattice is optimal to minimize the area of the metasurface under the constraint that each transmit antenna achieves a target spatial degree of freedom. Compared with [88] , reference [89] considers a more practical scenario where the IRS has a finite area and the interfering channels could either be LOS or non-LOS, modeled by a probabilistic model to account for the spatial correlation among the interferers. By assuming imperfect channel estimations, the authors derive the asymptotic capacity, which reveals a channel hardening effect, i.e., the impacts of channel estimation errors and the non-LOS path are negligible when the number of scattering elements becomes large. The simulation results also demonstrate that, compared to conventional massive MIMO, a large-scale IRS can achieve a better reliability in terms of expectation and variance of capacity.
The focus of [104] is to investigate the performance of IRS with hardware impairments which induce a higher effective noise level. The authors derive a closed-form expression to characterize the capacity of the uplink transmission from a single-antenna device to an IRS with hardware impairments. The study reveals that increasing the area of an impaired IRS may decrease the capacity. Based on this finding, the authors propose to split a large-scale IRS into an array of smaller IRS units in order to mitigate the negative effects of hardware impairments. Both analytical and numerical evaluations demonstrate that the proposed approach can effectively suppress the negative impact of hardware impairments.
Different from the previous works focusing on capacity performance, reference [105] explores the potential of using an IRS with a large number of scattering elements for terminal positioning. The authors study the Fisher-information and Cramer-Rao lower bounds (CRLBs) for positioning a singleantenna terminal at different locations with respect to an IRS. The analysis shows that the CRLB decreases in the third order of the IRS's size. The authors also demonstrate that deploying IRSs in a distributed manner is an effective way to improve the coverage for terminal positioning.
Table IV summarizes and compares the existing literature reviewed in Section IV. The majority of these research works studies the performance of a standalone IRS system, i.e., either point-to-point communications or multiple communication pairs. References [90] and [94] analyze the performance of deploying the IRS reflectors in large-scale systems, however, under unrealistic assumptions such as the fixed-length model for random environmental reflectors [90] and LOS links for all the reflectors [94] . Hence, there is a need for more realistic models to analyze the performance of using the IRS in practical large-scale communications systems. Moreover, the above-mentioned literature hardly takes the user mobility into account, neither for indoor nor outdoor scenarios. User mobility introduces not only handoffs among different IRS units but also a spatial correlation in user distribution that may cause non-negligible impacts on the system performance. Hence, it becomes a critical research direction in the future to incorporate different mobility models into the performance analysis of IRS-assisted wireless systems. Additionally, the performance metrics currently under investigation are also limited in the literature. The theoretical performance of IRSassisted wireless systems can be more thoroughly understood from the potential aspects as follows:
• Pairwise error probability which measures the probability that the decoded signal is a certain symbol given the transmitted signal. • Average area spectral efficiency which is the sum of the capacity of all the communication channels normalized over spectral bandwidth and spatial area. • Energy efficiency which measures the capacity normalized over the energy consumption of IRS systems. • Handoff rate which is the frequency of occurrences that a user handoffs to another IRS. Summary: The stochastic performance analysis for IRSassisted wireless systems mainly investigates the potential of the information-theoretic performance gain. For a specific network design problem, the maximization of performance gain requires a joint optimization of the active transceivers and the IRS's passive scattering elements. The joint phase control of scattering elements can be regarded as passive beamforming, which is closely coupled with the control variables of the active transceivers. This not only makes the performance analysis of IRS-assisted wireless systems more complicated, due to randomness and ubiquity of the scattering elements in the radio environment, but also results in new optimization problems that require novel solutions to account for the interactions between active and passive devices.
V. JOINT ACTIVE AND PASSIVE BEAMFORMING
By smartly adjusting the phase shifts of all scattering elements, as illustrated in Fig. 1 , the reflected signals can be combined coherently at the intended receiver to improve the received strength or destructively at the non-intended receiver to mitigate interference. This can be verified by the experimental demonstration and channel measurements in [81] , which pave the way for further theoretical studies and system optimization. In the sequel, we review the main optimization formulations and solutions proposed for IRS-assisted wireless systems. The typical design objectives include SNR or rate maximization, transmit power minimization, EE/SE performance maximization, and physical layer security issues.
A. SNR or Capacity Maximization 1) IRS-assisted Point-to-Point Communications: Considering a simple point-to-point scenario, the authors in [106] focus on an IRS-assisted multiple-input single-output (MISO) wireless communication, where one IRS is deployed to assist the communication from a multi-antenna AP to a singleantenna user. The IRS is composed of N passive scattering elements physically arranged in an array and installed on a surrounding wall. By optimizing the phase shift of each reflecting element according to the channel conditions, the IRS can enhance the information transfer from the AP to the user. A joint beamforming problem is formulated to maximize the received signal power at the user, by jointly optimizing the AP's transmit beamforming and the phase shift of each scattering element, which is fully controllable over the entire phase region [0, 2π]. Though the joint optimization problem is nonconvex and difficult to solve optimally, semidefinite relaxation (SDR) is firstly proposed to obtain an approximate solution as a performance upper bound. Then, a distributed algorithm based on alternating optimization is employed to update the active and passive beamforming strategies iteratively. Given the fixed passive beamforming, the AP's optimal beamforming can be easily obtained by the maximum-ratio transmission strategy. Given the AP's beamforming, the IRS's optimal beamformer can be simply aligned with the direct channel to enhance signal reception at the receiver. The simulation results show that the SNR can be significantly improved comparing to non-IRS-assisted MISO system, e.g., the SNR is improved by around 10 dB if assisted by an IRS with 100 scattering elements. Another important finding in [106] is that the SNR at the receiver increases with the number of scattering elements in the order of N 2 . The authors in [107] further study the power scaling law and compare it with the massive MIMO system. Analytical results show that a large number of reflecting elements are required to obtain the SNR comparable to massive MIMO systems. A similar MISO system is studied in [108] , using the IRS to assist mmWave communications from a BS to a single-antenna receiver. Through joint active and passive beamforming optimization, the IRS can provide enhanced paths of reflection for mmWave signals, and thus maximize the signal power at the receiver and then extend the network coverage. Although the joint beamforming design is generally non-convex, both of the phase shifts and transmit beamforming can be derived optimally in closed forms for the single-IRS case. This is achieved by exploiting the characteristics of mmWave channels, i.e., assuming a rank-one channel matrix between the BS and the IRS. A near-optimal analytical solution is also derived for the multi-IRS case. The analysis and simulation results reveal that the received signal power increases quadratically with the number of reflecting elements for both the single IRS and multi-IRS cases, which verifies the power scaling law revealed in [106] .
Different from the MISO systems in [106] and [108] , the authors in [109] focus on point-to-point MIMO systems and characterize the fundamental capacity limit of IRS-assisted data transmissions from a multi-antenna transmitter to a multiantenna receiver, by jointly optimizing the IRS's reflection coefficients and the MIMO transmit covariance matrix. Firstly, considering narrow-band transmissions in frequency-flat fading channels, the alternating optimization is employed to iteratively optimize the transmit covariance matrix and the IRS's reflection coefficients one by one. The capacity maximization for broadband transmissions is also considered in frequencyselective fading channels, where transmit covariance matrices can be optimized for different OFDM sub-carriers. Based on convex relaxation, the alternating optimization algorithm is modified to find a high-quality sub-optimal solution. Numerical results show that the proposed algorithm achieves substantial capacity improvement compared to traditional MIMO systems without using IRS, e.g., the capacity can be improved over 45% in the high SNR regime when using an IRS with 80 scattering elements. The authors in [110] study the channel capacity optimization of IRS-assisted indoor mmWave communications. In the first scheme, only the IRS is adapted to enhance the capacity and an approximate expression is derived to connect the channel capacity gains and the system parameters. In the second scheme, a joint optimization of active and passive beamforming is proposed and solved by a heuristic phase control algorithm with low complexity. Simulation results verify that the second scheme can achieve more than 10% performance improvement compared to that of the IRS-only scheme.
We note that all the research works in [106] , [108] , [109] rely on the ideally designed IRS with infinite phase resolution, i.e., the phase shift of each scattering element can be fully controllable over the entire region [0, 2π]. However, this is difficult for practical implementation and also complicated for designing exact phase control algorithms. The authors in [111] extend the design problem in [108] to a more practical case with low-resolution IRS that has finite phase shifts for tuning its scattering elements. The theoretical analysis reveals that the low-resolution IRS can still achieve the same power scaling law as that in [106] , i.e., the received signal power increases quadratically with the number of reflecting elements. Ideally, the reflection amplitude is constant and assumed to be independent of the phase shift. Based on experimental results, the authors in [112] notice the non-ideality in controlling the IRS's phase shifts, and thus propose a practical phase shift model that captures the nonlinear dependence between phase and amplitude. Employing this new model in an IRSassisted MISO system, a joint beamforming design problem is formulated to maximize the achievable rate in MISO downlink transmissions, which can be solved by the alternating optimization approach similar to that in [106] .
Besides, the aforementioned joint beamforming problems all assume full channel information for the IRS controller to make perfect phase control. This implies that the overhead of information exchange can be prohibitively high, especially for self-sustainable IRS via wireless energy harvesting. Considering the channel estimation errors and training overhead, the authors in [113] formulate an optimization problem to maximize the achievable data rate by designing the IRS's discrete phase tuning strategy. Instead of a greedy search algorithm, a low-complexity successive refinement algorithm is devised to achieve a high-quality sub-optimal solution with proper algorithm initialization. To reduce the overhead in channel training and estimation, the authors in [114] propose a novel element grouping method to exploit the channel spatial correlation in an IRS-assisted OFDM system under frequencyselective channel conditions. By estimating the combined channel of each group, the training overhead can be substantially reduced. After that, the alternating optimization method is used to maximize the achievable rate by jointly optimizing the BS's power allocation and the IRS's passive beamforming in an iterative manner. A high-quality sub-optimal solution can be achieved with a customized method for algorithm initialization. Simulation results show a significant performance improvement on the link rate, compared to the cases without using IRS. The authors also show that there exists an optimal size for element grouping to maximize the achievable rate, due to the trade-off between the training overhead and the flexibility of passive beamforming.
The joint active and passive beamforming optimization is typically formulated by a non-convex problem and mostly solved with local optimum by the alternating optimization method. However, as the size of scattering elements becomes large, e.g., up to hundreds [12] , the optimization problem usually has high computational complexity and thus becomes difficult for practical implementation in a dynamic radio environment. Different from optimization methods, the authors in [115] propose a deep learning (DL) method for efficient online reconfiguration of the IRS to enhance the performance of wireless communications in a complex indoor environment. It is based on the fact that the IRS's optimal phase configuration depends on the receiver's location to maximize the received signal strength. To save time for online optimization, the deep neural network (DNN) is employed to construct a direct mapping between the receiver's location and the optimal phase configuration. The offline training of the DNN is based on a fingerprinting database that records the optimal phase configuration at each receiver's position. However, the optimal phase configuration in offline training is still achieved by exhaustive search or the alternating optimization method. The authors in [116] present a DL approach for estimating and detecting symbols transmitted from IRS. A DNN is firstly trained offline using simulated channel and phase instances, and then deployed to estimate channels and phase angles from the received symbols. Without the need for any pilot signaling, this method can reduce the overhead in online channel estimation and achieve better BER performance comparing to the traditional detectors.
2) Multi-user or Multi-cell Coordinated Communications: The aforementioned SNR or capacity maximization problems can be easily extended to the MU scenario. The authors in [117] present an efficient design for sum-rate maximization in IRS-assisted downlink MISO communications, subject to the AP's power budget constraint. With the minimum data rate requirement at each user, the sum-rate maximization problem is firstly simplified by using the zero-forcing (ZF) transmission scheme and then following an iterative procedure to optimize the transmit power and the phase shift matrix. This is achieved by combining the alternating maximization with the majorization-minimization method. In the ideal case with infinite phase resolution, the authors in [117] show that the system throughput can be increased by at least 40%, without additional energy consumption. Considering an IRSaided mmWave MU system, the authors in [118] formulate a similar joint beamforming problem to maximize the weighted sum-rate, which is solved by the alternating optimization method with closed-form expressions. The IRS-assisted MU MISO OFDM system is investigated in [119] , where the authors aim at maximizing the average sum-rate over all sub-carriers by jointly designing the transmit beamformer and the IRS's reflection coefficients. The sum-rate maximization is transformed into the MSE minimization problem and then solved efficiently. Simulation results illustrate that the proposed algorithm can offer significant average sum-rate enhancement. The MSE minimization is also studied in [120] , where IRS is used to assist mmWave MU MISO downlink communications. The joint optimization of the BS's precoding and the IRS's phase shifts is similarly solved by the alternating optimization method with guaranteed convergence. Numerical results verify a significant improvement on spectrum efficiency over a few baseline methods.
Using a practical low-resolution IRS, the authors in [121] design a symbol-level precoding scheme for MU MISO/MIMO downlink transmissions to minimize the worst-case symbol-error-rate (SER). This problem is shown to be NP-hard. To proceed, the low-resolution phase shifts are firstly relaxed as continuous design variables, and then optimized by the Riemannian conjugate gradient algorithm. Next, the low-resolution symbol-level precoding vector is obtained by direct quantization. The quantitative projection is also employed in [118] to convert continuous phase variables to discrete phase shifts. As a special case, the 1-bit symbollevel precoding vector is optimized by the branch-and-bound method to reduce the quantization error. Similarly, the authors in [122] employ the low-resolution IRS to enhance the sumrate from a multi-antenna BS to multiple users. Based on a joint beamforming design, a good sum-rate performance gain can be achieved by using the IRS with a reasonable size and a small number of discrete phase shifts. Considering weighted sum-rate maximization in a similar MU MISO system, the authors in [123] propose three iterative methods to optimize the discrete phase levels of the IRS's scattering elements, in addition to the BS's beamforming optimization based on the fractional programming method. Numerical results show that the IRS with 2-bit phase resolution achieves sufficient capacity gain with only a small performance degradation. A non-ideal IRS with discrete phase shift is also studied in [124] focusing on MU MIMO NOMA downlink system. Based on the alternating optimization method, a novel algorithm is developed for the joint beamforming design by utilizing the sequential rank-one constraint relaxation approach. Then, a quantization-based scheme is proposed to determine the optimal discrete phase shifts. Numerical results verify that sum-rate performance achieved with the 3-bit phase resolution is almost the same as that of an ideal IRS. We observe that the aforementioned sum-rate maximization problems all require the knowledge of CSI of all users. This makes the channel estimation involving the IRS more complicated than before.
Besides sum-rate maximization, the user fairness is also a critical performance metric for MU networks. The authors in [125] aim at maximizing the minimum signal-tointerference plus noise ratio (SINR) of all users, which can be treated as a fairness measure, in an IRS-assisted nonorthogonal multiple access (NOMA) system by jointly optimizing the BS's power allocation and the IRS's passive beamforming. The authors in [126] study the problem of joint active and passive beamforming for IRS-assisted MU massive MIMO downlink communications, aiming to maximize the users' minimum SINR. An interesting automatic interference cancelation property is revealed as the number of passive elements approaches infinity. This implies that the IRS can create interference-free beamforming to serve individual users. This property further allows the reformulation of the max-min problem into an IRS-user association problem, which can be solved by exhaustive search and greedy search schemes. Theoretical analysis shows that the resulting SINR performance scales quadratically with the number of scattering elements. Besides, the BS's energy consumption can be also significantly reduced by increasing the number of scattering elements.
Similarly, the authors in [127] also formulate a max-min problem to maximize the minimum user-rate in the wireless system assisted by a set of distributed IRS units. Each IRS unit has a separate signal process unit and is connected to a central process unit that coordinates the behaviors of all the IRS units. With such a distributed IRS system, a user assignment scheme between each user and the IRS is proposed to improve the minimum user-rate. The optimal user assignment scheme can be effectively found by solving classical linear assignment problems defined on a bipartite graph. Numerical results show that the proposed user assignment scheme is close to optimum both under LOS and scattering environments. The authors in [128] focus on user fairness in a single-cell MU downlink system, assisted by the IRS in LOS of the BS. To maximize the minimum SINR among all users, a new passive beamforming design is proposed based on the large-scale statistic channel information. A deterministic approximation of the SNR is firstly proposed under the optimal precoding scheme, and then an efficient algorithm is proposed to optimize the phase control strategy based on the projected gradient ascent method. Numerical results reveal that the proposed system can achieve massive MIMO like gains with a much fewer number of active antennas at the BS [105] .
The authors in [129] consider the integration of IRS to an orthogonal frequency division multiple access (OFDMA) based MU downlink communications. A joint optimization of the IRS's reflection coefficients and OFDMA time-frequency resource block as well as power allocations is proposed to maximize the users' minimum rate. A novel dynamic passive beamforming scheme is designed that allows the IRS's reflection coefficients to dynamically change over different time slots within each channel coherence block. Then, only a subset of the users will be selected and simultaneously served in each time slot, thus achieving a higher passive beamforming gain. Numerical results show that the proposed dynamic passive beamforming outperforms the fixed passive beamforming scheme that employs a common set of reflection coefficients in each channel coherence block. The performance improvement becomes larger as the size of scattering elements increases. Note that the aforementioned research works all assume perfect or static channel information. In fact, the channel estimation in a dynamic network environment with massive reflecting elements is inevitably contaminated by error estimate and thus leading to channel uncertainty, which has not been studied in the current literature.
The goals of the sum-rate maximization and user fairness considerations are intrinsically fighting against the resource competition or interference among different users. The use of the IRS can make the wireless propagation channels more flexible to control and thus easier for interference suppression. Considering a typical MU MIMO system, the authors in [130] show the feasibility of constructing multiple interference-free beams by using the IRS with a large number of passive elements. Based on the characterization of MU-MIMO channel, the authors propose the novel beamformer to minimize the interference power while providing desirable beam response at each user. Analysis of the beam pattern shows that a single set of optimal weights can form multiple interference-free beams for multi-stream MIMO transmissions. The interference among multiple users in a more sophisticated multi-cell multicast downlink system is investigated in [131] . The BS has N transmit antennas and serves G multi-casting groups. Each user can only belong to one group. The information destined for different groups are independent and different, which implies the existence of inter-group interference. The authors in [131] aim at maximizing the sum-rate of all groups by a joint optimization of the BS's precoding matrix and the IRS's passive beamforming. A concave lower bound of the objective function is firstly derived, and then the alternating optimization method is used to update two sets of variables iteratively. To reduce the computational complexity, the authors in [131] further adopt the majorization minimization (MM) method and obtain a closed-form solution for each set of variables at every iteration. The simulation results demonstrate that the sum-rate can be improved by more than 100% when assisted by the [132] deploy the IRS at the cell boundary of a multi-cell system to assist the downlink MIMO transmissions to cell-edge users. The maximization of weighted sum-rate is solved with a similar alternating optimization to that in [131] . The BS's active precoding and the IRS's passive beamforming are iteratively optimized by using the block coordinate descent (BCD) algorithm.
Summary: In this part, we have reviewed the potentials of using the IRS to improve transmission performance, in terms of SNR or data rate at the target receiver for both point-topoint communications and multi-group/multi-cell MU cases. A summary of existing works on SNR or capacity maximization is listed in Table V . In particular, we have discussed the applications of the IRS under different communication models, e.g., MISO, MIMO, OFDM, NOMA, mmWave, multi-cell systems, and LOS or non-LOS channel conditions. Different system models are illustrated and compared in Fig. 11 . The system optimizations of IRS-assisted wireless communications in different scenarios are typically formulated into a joint optimization problem of the IRS's passive beamforming and the BS's transmit beamforming or power allocation strategy. Along this main line of research, some special cases are also discussed, including the phase shift optimization for the nonideal IRS with finite phase resolution, or with incomplete or uncertain channel information. We have noticed that the main solution methods to the non-convex joint optimization problems are based on a simple alternating optimization method, which can guarantee the convergence to sub-optimal solutions. However, comparing the optimum, the performance loss by using the alternating optimization is not known exactly and seldom characterized in literature. By developing more sophisticated algorithms in the future work, we envision that the IRSassisted wireless networks can achieve a higher performance gain than that in the current literature. Besides SNR and rate maximization at the receiver, the IRSassisted wireless networks can also help minimize the transmit power of the BS or maximize the overall EE/SE performance, due to more preferable channel conditions programmed by the IRS. By passive beamforming, the IRS can configure wireless channels in favor of information transmission between transceivers. This results in a more energy-efficient communication paradigm, e.g., the BS can maintain the same transmission performance with a reduced power consumption compared to the cases without using the IRS. As such, IRS-assisted communications can be envisioned as a green technology for future wireless networks. Nonetheless, system and network optimizations are required to achieve maximum EE/SE performance in IRS-assisted wireless networks, which are our focus in the following part.
B. Power Minimization or EE/SE Maximization
Focusing on an IRS-assisted MISO downlink scenario as that in [106] , the authors in [133] aim at minimizing the AP's transmit power under individual users' SINR constraints, by jointly optimizing the AP's transmit beamforming and the IRS's passive beamforming strategies. Following a similar SDR procedure and the alternating optimization method as that in [106] , the AP's transmit beamforming can be efficiently optimized in a second-order cone program, and the optimization of the IRS's passive beamforming is degenerated to a conventional relay beamforming optimization problem. By an asymptotic performance analysis with infinite number of scattering elements, it is shown that the AP's transmit power can be scaled down in the order of 1/N 2 without compromising the SNR at the receiver, where N denotes the number of passive elements. Numerical results verify that the AP's transmit power can be reduced by more than 55% for the wireless user far away from the AP (e.g., 50 meters). The authors in [134] focus on an IRS-assisted MISO broadcasting system under SINR constraints at mobile users and derive a lower bound of the BS's minimum transmit power, which is much lower than those cases without using the IRS. Moreover, the BS's transmit power can approach the lower bound with an increase of the number of the IRS's scattering elements. Transmit power minimization is also considered in an IRS-assisted NOMA downlink system [135] . The joint optimization the active and passive beamforming strategies is found to be a highly intractable bi-quadratic program, which is firstly relaxed via the SDR approach and then solved by the difference-of-convex (DC) algorithm. To further reduce its complexity, the authors in [142] propose a novel user ordering scheme which is critical for transmit power minimization in the NOMA system. Simulation results demonstrate that the proposed alternating DC algorithm can reduce the AP's transmit power by more than 8 dB when using an IRS with 50 scattering elements.
The authors in [136] study a multi-cluster MISO downlink communication scenario, in which a multi-antenna BS transmits superimposed signals to multiple receivers simultaneously. The users are grouped into different clusters and NOMA protocol is employed in each cluster to improve spectrum efficiency for information transmission. The design objective is to minimize the total transmit power by jointly optimizing the BS's transmit beamforming and the IRS's passive beamforming strategies. This problem is previously solved by an SDP-based alternating optimization method, e.g., [106] , [135] , [142] , which has prohibitively high computational complexity and deteriorating performance. Here, the authors in [136] propose an effective second-order cone programming (SOCP) based alternating direction method of multipliers (ADMM) to obtain a locally optimal solution. A ZF-based sub-optimal algorithm is further proposed to reduce the computational complexity. The simulation results demonstrate significant performance gain over the conventional SDP-based algorithm.
Instead of minimizing transmit power, the authors in [100] aim at maximizing the energy efficiency by jointly optimizing the IRS's passive beamforming and the AP's power allocation over different users, subject to the AP's maximum power and the users' minimum QoS constraints. The total power consumption includes the transmit power, the constant circuit power, as well as the IRS's power consumption, which relates to the size and implementation of reflecting elements. The IRS's finer phase resolution and larger size of scattering elements both imply a higher power consumption. Based on the alternating optimization, a gradient descent method is firstly used for optimizing the IRS's phase control, and then the transmit power allocation is optimized by a fractional programming method. The simulation results in a realistic environment show that the IRS-assisted wireless system can provide up to 300% higher energy efficiency than that of the multi-antenna AF relay communications. The authors in [137] propose a joint beamforming design for spectrum efficiency maximization in an IRS-assisted MIMO downlink system, which is a mixed integer problem and can be approximately solved by the alternating optimization method. The ADMM algorithm is leveraged to find the phase shifts of individual scattering elements. Then, the active beamforming can be obtained by classic singular value decomposition (SVD) and water-filling solutions. The spectrum efficiency maximization is also studied in [140] focusing on a point-to-point MISO downlink system. The joint optimization of the AP's transmit beamforming and the IRS's phase shifts is solved by two efficient algorithms exploiting fixed point iteration and Robust beamforming design guarantees the satisfaction of all users' data rate requirements manifold optimization techniques, respectively, which not only achieve a higher spectrum efficiency but also require a reduced computational complexity. Simulation results reveal that it can achieve higher EE/SE performance by using the IRS than increasing the size of AP's antenna array.
Prior works mostly assume infinite phase resolution for the IRS, which however is practically difficult to realize due to the hardware limitation. Considering a more practical case, the authors in [138] aim at minimizing the AP's transmit power in downlink MISO communications, assisted by an IRS with finite phase resolution, similar to [111] , [118] , [121] . The joint optimization of active beamforming and the IRS's discrete phase tuning strategies is usually very difficult to solve due to the combinatorial nature. To proceed, the discrete phase constraints can be firstly relaxed into continuous phase values, and then the popular alternating optimization used in [100] , [136] , [137] can be applied. After that, the feasible discrete phase shifts can be obtained by quantization projection. While this approach generally reduces the computation time, it is sub-optimal for the original discrete optimization problem and may subject to performance loss due to quantization errors. Analytical results show that a practical IRS with discrete phase shifts can still achieve the same power scaling law as that with continuous phase shifts, the finding similar to [106] . More interestingly, the performance loss is shown to be irrelevant to N while only dependent on 2 b , where b denotes the resolution of phase shifts. Numerical results reveal that the discrete phase shifts with b = 2 or b = 3 are sufficient to achieve the close-to-optimal performance. A special case with the 1bit phase resolution is studied in [139] . The optimization of phase shift matrix and power allocation for each user follows a similar alternating optimization method. The IRS's perfect phase control for both infinite and finite phase resolutions depends on the knowledge of exact CSI, which however is practically challenging to obtain due to the lack of signal processing capability at the IRS and the large size of passive scattering elements. In [141] , the imperfect CSI is considered in a robust beamforming problem to minimize the transmit power for an IRS-assisted MU MISO system, subject to the minimum rate constraints of all users. The robust beamforming design can be solved by a squence of SDP sub-problems transformed by Schur's complement and the penalized convexconcave procedure [143] .
Summary: In this part, we have reviewed the use of the IRS in wireless networks to minimize the transmit power or maximize the EE/SE performance. The literature reveals an important power scaling law showing that, through optimal passive beamforming, the BS's power consumption can be scaled down in the order of 1/N 2 without compromising the SNR at the receiver. The similar power scaling rule still holds for a practical implementation of the IRS with finite or discrete phase tuning resolution. The power saving becomes more significant for wireless users far away from the transmitter.
Though significant performance improvement can be verified by numerical results and simulations, we observe that the research focus of almost all papers in literature is limited to the joint optimization of active and passive beamforming under different network scenarios. In fact, the overall performance gain can be better explored in the future work if the size of the IRS's scattering elements, the orientation of the IRS tiles, their partitions and grouping strategies, etc., are all taking into account, in combination with the transceivers' access control, user association, information encoding, transmit scheduling, QoS provisioning, etc. Besides, we notice that the maximization of EE/SE performance relies on the characterization of total power consumption in IRS-assisted wireless networks. The IRS's power consumption is modeled to be linearly correlated with the size and tuning resolution of individual reflecting elements. However, almost all the reviewed papers consider the self-sustainable IRS with sufficient energy supply, which may lead to over-optimistic conclusions on the EE/SE performance. The joint system optimization can be more complicated with the introduction of IRS's energy budget constraint, which is worthy further investigation in future research. Fig. 11 : Different system models for IRS-assisted wireless communication networks. (a) Basic model of IRS-assisted downlink transmission from multi-antenna BS to one receiver, which can be a single-antenna end user, e.g., [100] , [106] , [108] , [133] , [135] , [138] , [140] , or equipped with multiple receiving antennas, e.g., [109] , [114] , [115] . (b) The IRS-assisted MU MISO downlink transmissions, e.g., [117] , [119] , [120] , [123] , [124] , [128] , [129] , [134] , [139] , [141] . The special case with singleantenna BS is studied in [114] , [125] . (c) The IRS-assisted downlink transmissions to multi-antenna receivers (MIMO), e.g., [121] , [130] . (d) Multiple-IRS-assisted MISO/MIMO downlink transmissions, e.g., [111] , [118] , [126] , [127] . (e) IRSassisted multi-group multi-cast downlink transmissions, e.g., [131] , [136] . (f) IRS-assisted downlink transmissions to cell-edge users, e.g., [132] .
C. IRS-assisted Physical Layer Security
The IRS's wave manipulation has the flexibility of simultaneously creating enhanced beam to an intended receiver and the suppressed beams to unintended receivers. This can be used to enhance physical layer security in wireless communications. The authors in [144] introduce the idea of using IRS as an effective solution to defend eavesdroppers. In particular, the authors consider a scenario in which an eavesdropper is placed in the communication range between a legitimate transmitter (LT) and a legitimate receiver (LR). The LT is equipped with multiple antennas, while both the LR and eavesdropper have a single antenna. The IRS is placed near the LR to prevent the eavesdropper from eavesdropping, by controlling the reflected signals to maximize the achievable secrecy rate at the LR, which is defined as the amount of information per time unit that can be securely sent over a communication channel [145] . To achieve this goal, the joint control problem of the LT's transmit beamforming and the IRS's phase shift matrix is approximately solved by the BCD and MM based algorithms, similar to that in [131] . Simulation results show that the secrecy rate achieved by using the IRS can be significantly improved comparing to the cases without using the IRS. Instead of BCD algorithm in [144] , the secrecy rate maximization problem in [146] is solved by a computationally-efficient algorithm exploiting fractional programming and manifold optimization techniques. One interesting result is that a higher secrecy rate can be achieved with an IRS with a larger size. This idea is then extended in the recent research works, i.e., [147] and [148] , by considering multiple antennas at the eavesdropper and rankone/full-rank communication channels, respectively. However, all current approaches are based on approximate methods, and thus their performance can be improved in the future work.
Considering a similar IRS-assisted secure wireless communication system to that in [144] , the authors in [149] focus on a more challenging scenario in which the eavesdropping channel is better than the legitimate communication channel and they are also highly correlated in space. This makes the achievable secrecy rate of the system very limited. A joint optimization of the LT's transmit beamforming and the IRS's passive beamforming is proposed to improve the secrecy rate. The optimal solution requires that the IRS's reflections and the LT's beamforming signals are destructively added at the eavesdropper, thereby enhancing the achievable secrecy rate of the system. This idea is then extended to a more general scenario in which multiple eavesdroppers and LRs coexist in the system [150] . By jointly optimizing the beamforming strategies of LT and IRS, the authors in [150] formulate the minimum-secrecy-rate maximization problems with both continuous and discrete reflecting coefficients for the IRS's scattering elements. Due to the non-convex problem structure, this problem can be approximately solved by the alternating optimization and path-following algorithms in an iterative manner, similar to the previous works in [144] and [149] . Two sub-optimal algorithms with closed-form solutions are also proposed to reduce the computational complexity. The simulation results then verify the enhancement of secrecy rate, based on the known number of eavesdroppers and the CSI in advance. Nevertheless, this information is generally difficult to obtain in practice, and thus more practical solutions based on incomplete environmental information can be considered in future work. As such, the authors in [151] consider a similar scenario with multiple multi-antenna eavesdroppers and LRs. Focusing on a more practical case with unknown CSI, similar to [141] , the authors in [151] propose a robust optimization problem to maximize the sum-rate constained by information leakage to the eavesdroppers. The design variables include the AP's transmit beamforming and the covariance matrix of artificial noise, as well as the IRS's phase shifts. An efficient algorithm is developed based on the combined use of alternating optimization, a penalty-based approach, successive convex approximation (SCA), and SDR approaches. Simulation results show that the use of the IRS can significantly improve the secrecy performance compared to conventional cases without using the IRS.
Besides the LT's transmit beamforming, the authors in [152] also optimize the LT's jamming signals to enhance the achievable secrecy rate, by actively injecting noise-like jamming signals to the channel. By incorporating jamming signals into transmit beamforming, along with the optimization of the IRS's passive beamforming, the secrecy rate can be significantly improved comparing to the conventional methods without using the IRS and/or jamming beamforming. Unlike the popular joint transmit and passive beamforming in previous works, e.g., [144] , [149] , [150] , [152] , the authors in [76] consider different approach to maximize the secrecy rate, by optimizing the number of IRS tiles (namely hypersurface tile) and their orientations to create desirable phase changes. To solve this problem, the LT is firstly controlled to transmit all its signals to the IRS. Then, the IRS optimizes its tiles to reflect all received signals to the direction of the LR. By this way, the received signal power at the eavesdropper becomes very small and thus insufficient for information decoding, even if the eavesdropper is located between the LT and LR. Though this is an effective solution to prevent eavesdropping, it requires the implementation of the hypersurface tile and thus its applications are limited in some particular scenarios such as smart offices and houses. All aforementioned works generally rely on the LT's optimal control (e.g., artificial noise injection and transmit beamforming) in combination with the IRS's passive beamforming to improve the secrecy performance. Different from them, the authors in [153] introduce an interesting idea by using the thrid device, namely a friendly jammer, to cooperate with the LT and to fight against multiple eavesdroppers, as shown in Fig. 12 . This problem is studied in an IRS-assisted MISO downlink system, aiming to maximize the LT's energy efficiency by a joint optimization of the LT's transmit beamforming, the friend's jamming beamforming, and the IRS's passive beamforming. The solution method follows a similar approach as those in [144] , [150] , [151] , by leveraging the alternating optimization and SDR approaches.
The secrecy rate maximization merely aims at preventing legitimate transmissions from being deciphered or eavesdroppered by unlegitimated user. However, this may not be enough for some cases where exposure of transmission activities, location and movement of transmitters are sensitive information to the end users. This calls for covert communications that can provide stronger protection by hiding the presence of legitimate transmissions [154] . The authors in [155] propose the use of the IRS to enhance communication covertness, by leveraging the IRS's reconfigurability to reshape undesirable propagation conditions and thus avoid information leakage. Assuming perfect CSI condition, a joint optimization of the LT's transmit power and the IRS's passive beamforming is proposed to maximize the covert rate, i.e., the achievable rate satisfying the covertness requirement. The numerical results demonstrate a significant increase in covert rate compared to the conventional cases without using the IRS.
Summary: In this section, we have reviewed emerging applications of the IRS for physical layer security. In particular, IRS can be used as a very effective tool to prevent wireless eavesdropping attacks by simultaneously controlling the transmissions at the LT and the reflection at the IRS. As a result, the achievable secrecy rates obtained by the IRS-assisted systems can be significantly improved compared with the conventional methods only relying on the LT's transmission control. Many simulation results verify the improvement of secrecy performance of IRS-assisted systems. This obviously paves the way for a flourish of new research problems relating to physical layer security issues in the future wireless networks. However, there are still some challenges which need to be addressed. For example, how to simultaneously control the LT's transmissions and the IRS's reflections in real-time systems, and how to obtain the eavesdropper's channel information for accurate beamforming optimization are still major challenges for antieavesdropper systems.
VI. EMERGING APPLICATIONS OF IRS IN WIRELESS NETWORKS
As demonstrated in previous sections, the use of the IRS is capable of bringing unprecedented performance enhancement for future wireless systems by reconfiguring the previously uncontrollable wireless channels in favor of network performance optimization. In particular, we have reviewed in previous sections the performance analysis and optimization of IRSassisted wireless networks with different design objectives, i.e., SNR/capacity maximization, transmit power minimization, EE/SE performance maximization, and physical layer security issues. However, the potentials of using the IRS in wireless systems are not limited to the above aspects. In fact, it is still developing and flourishing in various aspects far beyond the aforementioned topics. In this section, we review these emerging and diverse applications of the IRS in wireless networks. These issues include but not limited to IRS-assisted wireless power transfer, IRS-assisted UAV communication networks, and IRS-assisted MEC techniques.
A. IRS-assisted Wireless Power Transfer
As observed in [106] , [108] , the IRS's passive beamforming can be designed to enhance the received signal strength at an information receiver (IR). This approach can also improve the efficiency of wireless power transfer to an energy receiver (ER). By leveraging massive low-cost passive scattering elements, the IRS can achieve a high passive beamforming gain, which is appealing for drastically enhancing the efficiency of wireless power transfer. The authors in [156] consider an IRSaided simultaneous wireless information and power transfer (SWIPT) system, in which a multi-antenna BS communicates with several multi-antenna IRs, while guaranteeing the energy harvesting requirements of the ERs. The authors firstly formulate a weighted sum-rate maximization problem by jointly optimizing the BS's transmit precoding and the IRS's phase shifts subject to a non-convex unit-modulus constraint imposed by the phase shifts and the energy harvesting requirements imposed by the ERs. After that, the classic BCD algorithm together with the Karush-Kuhn-Tucker (KKT) technique are adopted to find the optimal operation parameters for the BS and the IRS. This approach allows us to quickly achieve the near-optimal solution which is much better than those of baselines, i.e., with fixed phase or without using the IRS.
Considering a similar model, the authors in [157] propose to use a set of distributed IRSs to assist SWIPT from a multiantenna AP to multiple IRs and ERs, respectively. Instead of sum-rate maximization, the authors in [157] focus on the minimization of the AP's transmit power by jointly optimizing the AP's transmit beamforming and the IRSs' passive beamforming strategies, subject to the IRs' SINR constraints and the ERs' energy constraints. Based on proper transformations on the users' SINR and energy constraints, the resulting problem is solved by a more efficient penalty-based method instead of the commonly-used alternating optimization method. A low-complexity algorithm is also proposed to speed up the optimization of the IRSs' phase shifts. Simulation results demonstrate the significant performance gains achieved over benchmark schemes, e.g., the AP's transmit power can be reduced by more than 50% with only 30 scattering elements in the demonstrated setup. Different from the weighted sumrate maximization problem in [156] , the authors in [158] aim at maximizing the weighted sum power received at the ERs in an IRS-assisted SWIPT system. The weighted sum power is achieved by jointly optimizing the BS's transmit beamforming and the IRS's phase shifts, subject to individual IRs' SNR constraints. A similar model is studied in [159] , in which the authors consider using multiple energy beams to transfer energy to the ERs. Simulation results then show that the proposed IRS-assisted SWIPT system achieves significant performance gains over the benchmarks without using the IRS.
B. IRS-assisted UAV Communications
The capacity maximization problems in [109] and [114] can be extended to the emerging UAV networks. In [160] , the authors introduce an IRS-assisted UAV communication network in which the IRS is used to enhance communication quality from UAV to the ground user. A joint optimization of the UAV trajectory and IRS's passive beamforming strategy is formulated to maximize the average achievable rate. The passive beamforming and trajectory optimization are divided into two subproblems and solved by an alternating optimization method. Given the UAV trajectory, the IRS's phase shift is firstly derived in a closed form to achieve phase alignment with the received signals from different paths. Then, with the fixed phase shifts, the locally optimal trajectory solution can be derived by using the SCA method. A similar scenario is studied in [161] where the UAV-carried IRS is used to enhance the transmission performance of mmWave communication networks. The UAV-carried IRS is also capable of energy harvesting from the mmWave signals to sustain its operations. To deal with the dynamic radio environment, a reinforcement learning (RL) approach is proposed to find the optimal policy, i.e., the best location of UAV given the channel state, that maximizes the long-term average throughput of the downlink UAV transmissions. The simulation results then show that the proposed RL-based approach can significantly improve the network performance, i.e., up to 65%, comparing to conventional schemes without learning capability.
The authors in [162] employ the wall-mounted IRS to enhance the channel between cellular BS and UAVs, which previously suffers from poor signal strength as the BS's signal beamforming is generally optimized to serve ground users. By controlling the IRS's reflecting phase, the signal gain at the UAV is characterized based on the 3GPP ground-to-air channel models as a function of various deploying parameters, including the UAV's height, the IRS's size, altitude, and distance to the BS. Thus, the maximum signal gain can be achieved by optimizing the IRS's location, altitude, and distance to BS. Numerical results show that a significant signal gain can be achieved for UAVs even with a small-size IRS, e.g., the signal gain quickly jumps to 20 dB when UAVs fly over 30 meters above the BS.
C. IRS-assisted Mobile Edge Computing
MEC allows data and computation offloading to resourcerich MEC servers. As such, the energy consumption and processing delay can be potentially reduced at the end users with insufficient computing capability. However, the benefit of MEC is not fully exploited, especially when the link for data and computation offloading is hampered. As the use of IRS can enhance both the EE/SE performance, it can be a promising technology to improve the MEC's performance.
The authors in [163] propose an IRS-assisted MEC system in which single-antenna devices can offload a fraction of their computation workload to the MEC server. The offloading process is assisted by the IRS's passive beamforming to enhance the channel conditions. The authors formulate a latency minimization problem for both the single-device and multi-device scenarios, subject to the MEC resource constraint and the IRS's phase shift constraints. The BCD algorithm used previously in [156] is adopted to find the optimal MEC offloading strategy in this case. Extensive numerical results then verify the efficiency of using the IRS for the MEC system, especially in terms of latency. The authors in [164] use the IRS in a green edge inference system, where the computation tasks at resource-limited user devices can be offloaded to multiple resource-rich BSs. To minimize the network power consumption in both computation and uplink/downlink data transmissions, the authors in [164] propose a joint optimization of the task allocation among different BSs, each BS's transmit and receive beamforming vectors, the users' transmit power, and the IRS's passive beamforming strategies. Considering the combinatorial nature of the proposed problem, the authors firstly propose a reformulation by exploiting the group sparsity structure of the beamforming vectors, and then decouple the optimization variables by a block-structured optimization approach. Instead of the widely used SDR approach, a novel difference-of-convex-functions based three-stage framework is introduced to solve the orginal problem with enhanced network performance. Numerical results reveal that the proposed approach can reduce the overall power consumption by around 20% compared to the conventional SDR-based approach.
Summary: The IRS is a cutting-edge technology possessing outstanding features expected to open new promising research directions, which have never been seen before in wireless communication networks. In this section, we have reviewed some emerging applications of the IRS in wireless networks including wireless power transfer, UAV communications, and MEC. It can be clearly seen that by using the IRS, energy, communications and computing efficiency of conventional wireless networks can be significantly enhanced. However, all results obtained so far are through simulations, and thus more proof-of-concept prototypes are required to validate the IRS's practical efficiency. Besides, there are more potential applications that can be enhanced by using the IRS, which can be studied further in the future work, such as vehicular and maritime communications, satellite and next-generation mobile networks.
VII. CHALLENGES, OPEN ISSUES, AND FUTURE RESEARCH DIRECTIONS
Different approaches reviewed in this survey evidently show that IRS-assisted wireless networks can effectively enhance the signal reception at the receiver, extend the network coverage, increase the link capacity, minimize the transmit power, suppress the inter-cell interference, and enable better security and QoS provisioning to multiple users, etc, compared to non-IRS-assisted counterparts. However, there still exists some challenges, open issues, and new research directions which are discussed as follows.
A. Challenges and Open Issues 1) Energy-efficient Channel Sensing and Estimation: The IRS is composed of a large array of passive scattering elements which are typically interconnected and controlled by a centralized controller, e.g., FPGA and embedded ICs [27] , [28] , [38] . The superiority of using the IRS relies on its reconfiguration of each scattering element's phase shift, according to the channel conditions from the transmitter to its receiver. This requires the capability of channel sensing and signal processing algorithms, which become very challenging without dedicated signal processing capability at the passive scattering elements. Existing approaches for the IRS's channel estimation generally assume that only one single scattering element is active, while all the other elements are inactive at a given time, e.g., [165] . Such an element-by-element ON/OFFbased channel estimation scheme is practically costly for a large-scale IRS with massive scattering elements. In particular, the IRS is not fully utilized as only a small portion of the scattering elements is active in each time. This degrades the channel estimation accuracy and produces a long estimation delay. A simple channel estimation scheme proposed in [166] assumes that the IRS's phase control can always maximize the modulus of the reflecting channel, which is very difficult to realize in practice with a large number of scattering elements. The authors in [167] study a beam-training based channel estimation scheme for an IRS-assisted MIMO THz system, by exploiting the sparsity of THz channel and the characteristics of massive antenna array. The authors in [168] formulate the channel estimation into a sparse channel matrix recovery problem with limited training overhead by exploiting the sparsity of the IRS-assisted channels from BS to the receiver. It is obvious that more sophisticated signal processing algorithms (e.g., [168] - [172] ) can achieve better accuracy for channel estimation, however they generally demand higher power consumption for information exchange, signal processing, and computation, which may be not sustainable for passive IRS wirelessly powered by harvesting energy from RF signals. Thus, the cost of energy consumption for channel sensing and estimation becomes non-negligible for the passive IRS especially when its size becomes large.
2) Practical Protocols for Information Exchange: Generally, the IRS's channel sensing and estimation can be achieved by overhearing a training sequence sent by the active transceiver. In this process, information exchange between IRS and the active transceiver may be required to synchronize the operations. The information exchange also happens when a transmit scheduling protocol is employed to coordinate the data transmissions of multiple users. In this case, the IRS also needs to synchronize with different transmission frames and reconfigure its passive beamforming schemes according to the channel conditions of different users. If information exchange is inevitable, a practical protocol is thus required for the IRS to talk with the conventional transceivers. Information exchange can be made easy for conventional transceivers using a dedicated control channel. However, without sufficient energy supply, it becomes more challenging for the passive IRS to detect and decode the information from other active transceivers. Hence, the design of information exchange protocols firstly has to be of extremely low power consumption such that it is sustainable by wireless energy harvesting. Secondly, a practical information exchange protocol has to cost-effective by minimizing the conflict with or the alteration of the existing systems. In particular, by using the IRS's inherent sensing capability, it can be more energy-efficient for the IRS to detect physical layer information, instead of MAC layer bit stream. Therefore, the information exchange can be made possible by modulating the packet length or transmit power, so that the passive IRS can sense the variations of signal power with lowpower consumption.
3) Reflection as a Resource for IRS-assisted HetNets: In the future smart radio environment, the wireless networks can be assisted by a distributed IRS system with individually controlled IRS units due to the pervasive deployment of reconfigurable metasurfaces on different environmental objects. This implies a challenging situation for the real-time allocation and optimization of different IRSs to serve multiple data streams in dynamic and heterogeneous networks (HetNets). Conventionally, individual transceivers can independently adapt their operation parameters to the channel condition, which follows some stochastic model and can be predicated or estimated via a training process. However, with the IRS's reconfigurability, the radio environment itself becomes controllable and nonstationary. Hence, it becomes more difficult for individual transceivers to understand the CSI via training. This implies a centralized coordination for the IRS-assisted networks, at least for the distributed IRS units. Specifically, an efficient information exchange mechanism among different IRS units and a control protocol are required for the allocation and association of different IRS units to multiple users simultaneously. 4) Agile and Light-weight Phase Reconfiguration: The phase control of individual scattering element has to be coordinated with each other for effective beam steering. The large size of the IRS's scattering elements can make the overall phase tuning more flexible even with limited phase shifts at individual scattering element. This requires an efficient algorithm design to jointly control the phase shifts of all scattering elements in a timely manner, according to the dynamics of the radio environment. More importantly, the IRS's phase control is also strongly coupled with the optimal transmit control of the active transceivers. This makes it more challenging for the design of an agile and light-weight phase control algorithm with minimum energy consumption and communication overhead. In the existing literature, most of the phase control algorithms are based on the general alternating optimization method, that decouples the IRS's phase control and the conventional transmit control (e.g., power allocation, transmit beamforming, and precoding matrix design) in separated sub-problems. Though this simplification can provide a convergent solution to a sub-optimum, the alternating optimization method for these design problems inevitably incurs large communication overhead and processing delay. It is also very challenging to characterize the performance loss of the convergent solution comparing to its optimum.
B. Future Research Directions
Based on extensive literature review and the analysis of common shortcomings of the current literature, we highlight a few potential research directions for future exploration.
1) Learning Approach for Passive Beamforming: Different from the alternating optimization commonly used in the literature, machine learning approaches can be more appealing for the IRS to realize agile and light-weight phase control based on locally observed information of the radio environment [16] , [116] , [173] . This can help minimize the overhead of information exchange between the IRS and active transceivers. The large number of scattering elements and their sensing capabilities further imply that rich information can be collected during channel sensing, providing the possibility for datadriven deep learning approaches [11] , [174] . Furthermore, the potential analog computation can be also envisioned to realize ANNs via multi-layer metasurfaces [57] , which potentially make the learning approach agile in computation and lightweight without the need for information exchange. For example, leveraging RL approaches, a decision-making agent can be employed at the IRS controller to adapt its phase configuration for each scattering element, solely based on the observed system state (e.g., the perceived CSI via its sensing capability) and the receivers' feedback of its phase configuration. The system state can be estimated by the IRS via sensing or overhearing the ACK packets from the receiver to the transmitter. With specially designed ACK packets, e.g., the ACK packets with different time durations or transmit power, the channel sensing of IRS can be made easier without energy consumption on decoding the ACK packets. A similar idea has been used for information exchange in wireless backscatter communications [175] .
2) IRS-assisted D2D Communications: D2D communications technology is envisioned to connect billions of lowpower user devices constituting the future Internet of Things (IoT). Different from the typically downlink transmissions from multi-antenna AP to receivers, D2D communications become more decentralized and diverse, which brings new research problems for IRS-assisted D2D communications. In one aspect, The IRS can be dynamically reconfigured to enhance individual data link of D2D communications. This requires highly efficient channel sensing and estimation protocols, as well as agile phase reconfiguration algorithms. The insufficiency of energy supply for the IoT devices implies another difficult situation that demands minimized interactions between the IRS and the IoT devices. In another aspect, the distributed IRS units can be used to understand the system profile by learning from a large amount of IRS-assisted transmissions in a spatial-temporal region [176] . The system profile may include the information about the potential bottleneck devices, the spatial-temporal traffic pattern, the energy distribution over the entire network, and the information for diagnosing potential network failures. Such information can be further used by the D2D networks to optimize the deployment and settings of the IRS units, the IoT devices' transmit protocol strategy, the placement of relay nodes, and the power beacon stations.
3) IRS-assisted mmWave and THz Communications: One of the promising applications of the IRS is in the extended coverage of 5G and beyond 5G communications. We expect that mmWave (e.g., 28GHz) 5G communication and future THz beyond 5G communication will face with a critical issue of dead-spots which will not be covered well because of the severe blocking loss of such short-length waveforms. In such situations, the IRS's two salient EM properties of reflection and refraction can be exploited to resolve the critical issue of dead-spots when IRSs are deployed in between the base stations and end users. For example, a user is located in the same side of the serving BS, in which case the incident EM wave on the IRS can be reflected toward the user, whereas if a user is in the opposite side, then the incident EM wave can be refracted through the IRS to reach the user with enhanced signal quality. It is envisioned that the 3D deployment of IRSs with 5G and beyond 5G wireless systems for eliminating such dead-spots will be cost-effective, and the current massive MIMO and mmWave technologies evolving will be integrated with the IRS technology for the extended coverage eventually. 4) Using IRS in Smart Wireless Sensing: The current research typically uses the IRS as an auxiliary way for enhancing transmission performance of the existing transceivers. In fact, each scattering element of the IRS can be individually phase-tuned and thus showing different sensitivities to the incident signals from different directions. This implies that the IRS can be employed as an array of sensor devices that are configured to passively monitor the radio environment [11] . Given wired or wireless connections to a centralized IRS controller, all the sensing information from different scattering elements can be collected and analyzed jointly in an energy-efficient way. From this view point, the use of the IRS as an array of smart sensors will have rich applications in wireless sensing, e.g., indoor positioning [97] , [105] and human pose understanding [177] . As such, IRS-assisted wireless systems will not only enhance communications but also bring the possibility of humannetwork interactions, i.e., the communication performance and user satisfaction can be even better by using IRS to understand the human behavior or intention in wireless networks [178] .
5) Trade-off between Array Gain and LOS Path Loss: Using the IRS as passive relay provides the array gain N 2 thanks to no noise addition when N reflecting elements are employed. In addition, if the reflecting element is of sufficiently large size (e.g., 10λ × 10λ for the wavelength λ), the IRS can act as the specular reflector like lens in which case the path loss follows the "sum-distance" path loss, unlike the active relay whose antenna size is on the order of λ, resulting in the severe "product-distance" path loss. Therefore, there exists a crucial trade-off between achieving a larger array gain and guaranteeing the minimal LOS path loss because the number of reflecting elements varies per unit area depending on the size of the reflecting elements. Namely, to assure the LOS path loss, we have to sacrifice the array gain whereas the largest array gain can be achieved while compromising the LOS path loss. The latter is due to the minimum physical size of a reflecting element (like lens) that focuses the energy onto a focal point depending on the distance between the IRS and the receiver (i.e., focal point). Future research for characterizing the trade-off, considering the 3D deployment of IRSs, will be of paramount importance, in that the smart radio environment can be fully utilized in terms of the density of IRSs and their sum gain, normalized by the implementation cost. 6) Environment AI for Smart Wireless: IRS can be used as one of the following three functions: 1) Passive Relay, 2) Passive Transmitter, 3) both of them, where the quality of primary signal is enhanced by passive beamforming via relay and at the same time, the secondary information generated from the IRS itself can be embedded in the primary signal (like ambient backscatter). For example, the IRS may be equipped with sensors monitoring environments, which generate such secondary information to be reported to the IoT gateway in the uplink. Therefore, the mode switching at IRS will need to be intelligently and remotely performed by the control center through the IoT gateway, e.g., edge node, considering the user objectives and device positions. Moreover, if a large number of IRS is deployed in a certain area to assist the primary transmission while transmitting their own secondary information (from IoT sensors), the global control of these IRSs will need to be handled by the control center by gathering the user objectives and device positions, so as to assure the optimal routing of air routes of IRSs in conjunction with the mode switching. However, due to the latency and privacy issues, the global control by the control center may not be feasible. Instead, the collaborative (federated) learning will play a crucial role to intelligently perform the required global control through the cooperation with the edge nodes, which perform the learning locally and upload their model parameters to the control center. This way we can resolve the latency and privacy issues. VIII. CONCLUSIONS This paper has presented a comprehensive survey on the design and applications of the IRS to wireless communication networks. Firstly, we have presented an overview of the metasurface and its reconfigurability to realize the vision of IRS. Then, we have focused on its applications in wireless networks and reviewed different network scenarios that can benefit from its reconfigurability. Afterwards, we have provided detailed reviews on the performance analysis and optimization of IRSassisted wireless networks under different communication scenarios, including SNR/capacity maximization, transmit power minimization, EE/SE performance maximization, and secrecy rate maximization, etc. Due to its diversified applications, we have also reviewed the emerging use of the IRS to promote wireless power transfer, UAV communications, and MEC. Finally, we have outlined important challenges, open issues as well as future research directions.
